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Abstract 
 
G. Asher Newsome 
Novel Instrumentation and Method Development for a Quadrupole Ion Trap 
Mass Spectrometer 
(Under the direction of Gary L. Glish) 
 
Part of the work described in this dissertation has involved development of 
instrumentation for the analysis of aerosol compounds.  A quadrupole ion trap mass 
spectrometer (QITMS) is modified to sample particles via an aerodynamic lens inlet.  The 
instrument has a unique capability for volatilization and chemical ionization within the 
heated ion trap that reduces fragmentation compared to other methods.  Compounds in 
particles are detected in real time at low concentrations, over a broad concentration range, 
and in complex mixtures.  Unlike most mass spectrometry systems used for aerosol 
detection, the aerosol QITMS is able to perform tandem mass spectrometry (MS/MS) to 
identify analyte ions.  The performance of the instrument is demonstrated by monitoring 
the ozonolysis reaction of a volatile organic compound producing aerosol particles.  The 
aerosol QITMS is presented as an effective design for detection and analysis of aerosol 
compounds. 
This work also describes the development of more efficient and informative 
MS/MS methods using infrared multiphoton photodissociation (IRMPD).  IRMPD 
experiments are made practical for the QITMS by focusing the laser irradiation to 
increase photon flux on trapped ions.  Efficient performance is used to increase 
sensitivity to product ions.  Trapped ion clouds are profiled with higher resolution than 
 iv
previously obtained to characterize the effects of trapping parameters.  IRMPD is also 
made selective by controlling the spatial distribution of ions relative to the laser pathway.  
More informative MS/MS spectra can be acquired without empirical determination of 
irradiation time, as is necessary for conventional IRMPD.  The methods described use the 
fundamentals of ion trapping to design more effective photodissociation MS/MS 
experiments.  
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Chapter 1 
Tandem Mass Spectrometry with a Quadrupole Ion Trap 
 
1.1 Mass Spectrometry to Characterize Aerosol Particles and Peptides 
1.1.1 Aerosol Particle Analysis 
 Aerosol particles at concentrations found in the ambient atmosphere challenge the 
limit of detection of a mass spectrometer.  Aerosol particles commonly have a diameter 
of 10 µm to 10 nm.  At the upper size limit, particles have a physical mass of hundreds of 
picograms that is detectable by mass spectrometry methods.  However, the mass figure 
decreases by nine orders of magnitude as particle size goes to the lower limit1 because the 
volume of (approximately) spherical particles scales with the cubed radius.  Aerosols can 
also be extraordinarily heterogeneous mixtures of compounds that include a significant 
number of organic components, further limiting the mass of a particular compound within 
a single aerosol particle.  Despite the high sensitivity of mass spectrometry, bulk 
sampling of ultrafine aerosol particles below 100 nm diameter is necessary to accumulate 
enough mass for analysis.  All mass spectrometers for atmospheric aerosol particle 
detection have previously been designed to continuously mass-analyze analyte ions from 
aerosols, whether the particles are sampled individually or in bulk.  A new instrument 
design is presented in this dissertation that uses a modified quadrupole ion trap mass 
spectrometer (QITMS).  The instrument samples ultrafine aerosol particles in bulk, 
ionizes the analyte within the trapping mass analyzer, and accumulates ions for detection.  
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The techniques for volatilization, ionization, and ion accumulation used with the 
modified QITMS make the speed and sensitivity for particle detection greater than or 
equal to other instrument designs for similar applications.  The QITMS also has the 
capability of performing tandem mass spectrometry (MS/MS) to identify compounds in 
complex aerosol mixtures. 
1.1.2 Improved Techniques for Tandem Mass Spectrometry  
Improved techniques for MS/MS in an ion trap are developed to increase 
efficiency and give the experimenter greater control.  Although the methods used apply to 
other analyte ions in a QITMS, particular interest is given to the study of peptides by 
MS/MS.  Determination of the sequence of peptides has become a major focus of mass 
spectrometry since the advent of techniques like electrospray ionization (ESI)2 that ionize 
biological molecules with little fragmentation.  The sequence of amino acid residues 
determines the three-dimensional conformation of a protein,3 which controls the 
biological function of the molecule.  A protein can be cleaved into peptide fragments, and 
MS/MS studies of peptide dissociation patterns are used to sequence peptides.  Several 
new MS/MS techniques have been developed specifically for peptide sequencing.4, 5  The 
MS/MS research presented in this dissertation describes improved dissociation 
techniques for analysis of a wide variety of ions in a QITMS. 
1.2 Mass Spectrometric Analysis 
A mass spectrometer ionizes molecules and then manipulates them in the gas 
phase with electric and/or magnetic fields.  In mass analysis, the mass-to-charge (m/z) 
ratio of ions is measured.  The mass is expressed in daltons (Da), and each unit of charge 
corresponds to the charge of an electron, e. 
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1.2.1 Tandem Mass Spectrometry 
 Tandem mass spectrometry (MS/MS)6, 7 is used to identify ions and analyze 
structures by studying the ion dissociation pattern.  MS/MS is performed by 
mass-selective isolation of a (protonated or otherwise ionized) ion of interest (M+), 
activation and dissociation of that parent ion (M+*), and mass-analysis of the resultant 
product ions (F+).  The process is represented as: 
NFMM +→→ +++ *        (Scheme 1.1) 
When a singly-charged parent ion is dissociated, a neutral species (N) is formed that is 
not detected.  The efficiency of converting a parent ion to product ions is represented by 
fragmentation efficiency, 
%100×+= ∑
∑
t
i
i
i
i
PF
F
EfficiencyionFragmentat     (Equation 1.1) 
where Fi is the abundance of each product ion, and Pt is the abundance of the parent ion 
remaining after dissociation.  The ultimate efficiency of forming and detecting the 
product ions relative to the parent ion is represented by MS/MS efficiency, 
%100/
0
×=
∑
P
F
EfficiencyMSMS i
i
      (Equation 1.2) 
where Fi is the abundance of each product ion, and P0 is the initial abundance of the 
parent ion before dissociation. 
Multiple stages of tandem mass spectrometry (MSn) are also performed.  The 
parent ion of a large molecule with a complex structure, such as a biomolecule, often 
requires more extensive characterization.  If many different product ions are formed in 
the first stage of dissociation, it may be necessary to find the relationship between the 
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product ions to discover the complete structure of the intact parent ion.  In MSn analysis a 
product ion formed in the first dissociation stage is typically isolated and dissociated 
similarly to the parent ion.  MSn of product ions yields smaller product ions with simpler 
structure that are easier to identify.  Product ions can also be sequentially dissociated and 
mass-analyzed without prior isolation, as in Chapter 5. 
1.2.2 Mass Analyzers 
 MS/MS is performed by two or more mass analyzers operated successively or by 
one trapping mass analyzer.  Mass analyzers are classified as beam type instruments or 
trapping instruments.  A beam type instrument transmits a beam of ions in a continuous 
fashion through the mass analyzer to a detector.  MS/MS is performed by executing the 
stages of mass analysis in different analyzers.  For example, two time-of-flight mass 
spectrometers (TOFMS) in a line can select parent ions of a mass-to-charge in the first 
stage and mass-analyze product ions in the second stage.  In contrast, a trapping 
instrument stores ions within a defined area, accepting ions to the trapping volume in a 
pulsed fashion.  The ion activation and mass analysis stages in MS/MS are performed at 
different times within the same analyzer.  This dissertation presents research performed 
with a quadrupole ion trap mass spectrometer (QITMS) that is the latter type of mass 
analyzer.  Some comparison is made to analysis performed with a TOFMS in Chapter 2. 
1.3 Quadrupole Ion Trap Mass Spectrometer 
The mass analyzer used in all experiments in this dissertation is the quadrupole 
ion trap mass spectrometer (QITMS).  The QITMS is popular for MSn due to its high 
MS/MS efficiency.  The trapping volume between the electrodes is defined with a 
coordinate system from the center of the trap.  The axial dimension (z) is bound by the 
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endcap electrodes, and the radial dimension (r) is bound by the ring electrode (Figure 
1.1).  Ions are trapped by application of rf alternating current (ac) voltages to the ring 
electrode.  The operation of a QITMS has been reviewed a number of times,8-10 and only 
the experimental parameters relevant to this work will be discussed.  The effects of the 
trapping parameters have a significant impact on the efficiency and information gained 
from MS/MS experiments, as shown in Chapter 4. 
1.3.1 Trapping Theory 
 The quadrupolar electric field traps and stores ions.  Trapped ions have kinetic 
energy and move in an oscillating trajectory in three dimensions described by a Lissajous 
curve.  The resulting spatial distribution of trapped ions in motion but centered within the 
trapping volume is referred to as the ion cloud.  The second-order differential equation 
for the ion motion has a general solution discovered by Mathieu which gives the 
combination of ac and dc voltages necessary for a stable ion trajectory.11  The Mathieu 
parameters, au and qu, describe the stability of ion trajectory in the z and r dimensions,  
az = -2ar ( ) 22020 216 Ω+−= zrm zU       (Equation 1.3) 
and qz = -2qr ( ) 22020 28 Ω+= zrm zV       (Equation 1.4) 
where the ion has a mass m and charge z; the electrodes have a spacing of r0 and z0 
relative to the center; the ac voltage has frequency Ω and amplitude V; and the dc voltage 
has amplitude U.  An ion has a secular frequency of motion dependent on the 
mass-to-charge and the rf voltage.  The trap is generally operated with a fixed r0, z0, and 
Ω, and ion stability is manipulated by controlling ac and direct current (dc) voltage 
amplitudes.  To use mass-selective instability,12 the U is held at zero and the V is linearly 
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Figure 1.1.  Hyperbolic trapping electrodes shown in a cut-away view. 
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increased to raise the qz of an ion.  The trajectory becomes unstable at a qz value of 0.908 
(Figure 1.2), and the ion is ejected.  The qz value is important for MS/MS because it 
corresponds to an rf voltage amplitude giving a stable trajectory (qz < 0.908) for ion 
trapping prior to dissociation.  A parent ion at a small qz value yields product ions of 
smaller mass-to-charge and larger qz values at the same rf amplitude.  The 
mass-to-charge value at qz 0.908 is referred to as the low mass cut-off (LMCO), and 
product ions below that mass-to-charge value are not trapped and thus not observed 
1.3.2 Bath Gas 
 The QITMS is operated at a gas pressure of 1×10-3 Torr, several orders of 
magnitude above other mass analyzers.  The bath (or buffer) gas cools the kinetic energy 
of ions through low-energy collisions.  The kinetic energy of ions generated outside the 
QITMS and injected into the trapping volume is damped to increase trapping efficiency, 
and collisional cooling reduces ion loss and decreases the size of the ion cloud at the trap 
center.  Resolution is increased by the more coherent ejection of ions from the precise 
center of the trap.  Detection efficiency is also increased as ions at the center of the trap 
are less likely to hit the endcaps during ejection.  Helium is used as the bath gas because 
it is a non-reactive small molecule that causes less scattering and ion loss in collisions. 
1.3.3 Ion Trap Capacity 
 The space between the QITMS electrodes has a finite volume to contain ions.  A 
practical limit also exists for the number of ions of like charge that can be trapped.  One 
estimate suggests 105 ions can be trapped at once in a QITMS with the electrode 
geometry used in this dissertation (r0 = 1.0 cm, z0 = 0.783 cm).13  If the trap is “filled” 
with ions other than the analyte ion of interest, the analyte ion may have a lower dynamic  
 8
 
Figure 1.2. Stability diagram (enclosed region) for ions in the quadrupole ion trap. 
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range for detection or may not be detected.  The capacity also has consequences for MSn 
analysis where the goal is to produce many different product ions from an abundant 
parent ion.  The initial parent ion population limits ion abundance during the rest of the 
experiment. 
1.3.4 Ion Manipulation 
 MS/MS analysis in an ion trap requires specific manipulation of trapped ions.  
The rf amplitude is controlled to change the stability of trapped ions.  Analyte ions are 
ejected for detection, and parent ions are isolated by selectively ejecting other trapped 
ions.  The trajectory of ions can also be changed by applying a supplemental ac voltage 
180 degrees out of phase between the endcap electrodes.  A voltage at the same 
frequency as the ion secular frequency causes a gain in kinetic energy,14 and the ion 
motion has greater amplitude in the axial dimension.  The resonant voltage amplitude can 
give the ion enough kinetic energy to exceed the bounds of the trap and be ejected; a 
lower amplitude voltage axially expands the ion cloud while trapping is maintained.  The 
processes are termed resonant ejection and resonant excitation, respectively.  Lower 
voltage resonant excitation increasingly causes resonant ejection as qz values are 
decreased from 0.20.15  Resonant excitation can be used for activation in MS/MS, as 
shown below. 
1.4 Activation and Dissociation Methods in the Quadrupole Ion Trap 
 Ions are activated for dissociation in MS/MS in a QITMS by a number of 
methods, but each method serves to increase the internal energy of the ion.  Initial ion 
internal energy is due to bond vibrations, and an individual bond that achieves some 
critical energy will break.  Bonds of different strength have different critical energies.  A 
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particular bond can gain energy directly, e.g. absorbing a photon at an equal frequency, or 
through an adjacent bond in the ion.  The energy and timescale for energy gain by one 
bond or the activation of the ion as a whole determine the dissociation pattern.  If low 
energy gain occurs through multiple events, the energy will be vibrationally distributed 
throughout the ion, and the bonds with the lowest critical energy have the highest 
probability of breaking.  A slow activation mechanism will form product ions by 
preferentially dissociating bonds with low critical energy, as with activation by collisions 
and infrared radiation. 
1.4.1 Collision Induced Dissociation 
 Resonance excitation of ions is used to perform collision induced dissociation 
(CID), the most common activation method for MS/MS.14, 16, 17  The kinetic energy of the 
parent ion is increased, and the parent ion has higher-energy collisions with a greater 
number of neutral gas molecules in an axially expanded trajectory.  In the inelastic 
collisions some of the kinetic energy of the parent ion is converted to internal energy.  
The maximum energy converted Ecom is given by 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
+= pn
n
labcom mm
mEE        (Equation 1.5) 
where Elab is the ion kinetic energy in the laboratory frame of reference, mp is the mass of 
the ion, and mn is the mass of the neutral gas molecule.  The internal energy of the ion is 
converted to internal energy by the collision.  If the parent ion gains sufficient internal 
energy, dissociation can occur.  Multiple collision events cumulatively increase the 
internal energy of the parent ion until dissociation occurs.  The dissociation process is 
considered high energy CID if the parent ion has kiloelectron volt kinetic energy.  In high 
energy CID sufficient activation to exceed the critical energy for dissociation is gained 
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from only one or two collisions.  The parent ion has tens of electron volts (eV) kinetic 
energy in low energy CID, and multiple collisions are often necessary to exceed the 
critical energy for dissociation.  Low energy CID is readily performed in the QITMS 
using the bath gas for collisions and will be used in this work. 
1.4.2 Infrared Multiphoton Photodissociation 
Infrared multiphoton photodissociation (IRMPD) is a method used for MS/MS 
wherein the internal energy of the parent ion is increased via absorption of infrared 
photons.18  IR photons at 10.6 µm have energy of 0.117 eV, and a parent ion must absorb 
multiple photons for sufficient activation to exceed the critical energy for dissociation (~1 
eV for small peptides19).  CO2 lasers with tens of Watts of power are employed for 
sufficient photon flux for multiple absorptions, as will be explored further in Chapter 3.  
Most ions absorb at the IR wavelength, including peptides and proteins that absorb 
strongly at C=O bonds in the peptide backbone.  Ions collide with neutral bath gas 
molecules during and after irradiation, and some of the internal energy gained from 
photoactivation is lost to collisional cooling.  Both low-energy CID and IRMPD activate 
parent ions with multiple events and produce a similar dissociation pattern.  IRMPD has 
advantages and disadvantages compared to CID that will be discussed in Chapters 3 and 
5.  IRMPD requires modification of the QITMS ring electrode to allow the laser to enter 
the trapping volume.  Such modification causes some change to the trapping field, but a 
negative effect on performance has not been demonstrated. 
1.4.3 Thermal Activation 
 Thermal activation is used for supplementary ion activation in the QITMS along 
with CID20 and IRMPD.21  Heating the bath gas reduces the ion internal energy lost to 
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collisional cooling during IRMPD because there is a smaller difference between the 
increased energy of the neutral and the photoactivated ion internal energy.  Collisions 
with heated bath gas molecules continue to dampen the axial amplitude of trapped ion 
trajectory. 
1.5 Summary 
 This introduction has provided a description of the techniques used in tandem 
mass spectrometry.  The theoretical operation of a QITMS was described in detail, and 
experimental modifications to the instrument and to MS/MS techniques used with the 
QITMS will be described in subsequent chapters. 
 Chapter 2 develops a new instrument for detection and analysis of aerosol 
particles called an aerosol quadrupole ion trap mass spectrometer (AQITMS).  The 
instrument samples particles at atmospheric pressure and aerodynamically focuses them 
into a heated trapping volume for impact volatilization.  Analyte molecules are ionized 
within the trap, and the resultant fragmentation is compared to vacuum UV 
photoionization and electron ionization.  The dynamic range of mass concentration and 
the limit of detection are presented at specific volatilization temperatures for the 
AQITMS.  The reaction of a volatile organic compound producing aerosol particles is 
monitored to show the real-time detection of complex aerosol mixtures.  The capability 
for MSn using CID is demonstrated for identifying analytes. 
Chapter 3 describes the use of a focused laser to make IRMPD practical for use in 
a quadrupole ion trap.  The characteristics of the laser and of trapped ion clouds are 
discussed, with attention given to the power flux through the irradiated area.  The 
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increase in sensitivity through performing IRMPD with a focused laser at 1.0×10-3 Torr 
is compared to conventional IRMPD with an unfocused laser at 3.3×10-4 Torr. 
Chapter 4 presents laser tomography profiles of ions trapped in the QITMS 
constructed using the efficient IRMPD technique developed in Chapter 3.  The spatial, 
time-averaged distribution of ions is shown to decrease in size as a result of increasing 
bath gas pressures and qz values.  The resolution of the laser tomography profiles is also 
discussed.  Ion distribution is profiled in two dimensions for ion clouds with qz values 
from 0.10 to 0.80. 
Chapter 5 begins by discussing the effects and consequences of continuous 
sequential dissociation from conventional IRMPD (with or without a focused laser).  A 
new method is developed where the IRMPD process is made selective by resonantly 
exciting selected ions into an axially offset laser path.  The technique, termed selective 
broadband (SB)-IRMPD, is shown to limit sequential dissociation by allowing product 
ions to collisionally relax out of the laser path to accumulate in the center of the trap.  
The improved product ion abundance gained from SB-IRMPD is compared to results 
from conventional IRMPD.  Sequential stages of SB-IRMPD are shown to further 
increase product ion abundance, and the ability to characterize analytes without empirical 
determination of IRMPD irradiation times is discussed.  Thermal assistance is used to 
increase the bath gas pressure up to 5.2×10-4 Torr for SB-IRMPD, which can not be 
performed at 1.0×10-3 Torr. 
Chapter 6 provides a brief summary of the results described in the other chapters, 
as well as ideas for future improvements and applications of the techniques and 
instrumentation developed. 
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Chapter 2 
Real-time Detection and Tandem Mass Spectrometry of Secondary Organic Aerosols 
with a Quadrupole Ion Trap 
 
2.1 Introduction 
2.1.1 Mass Spectrometry of Aerosol Compounds 
Mass spectrometry is necessary to differentiate aerosol species in complex 
mixtures and to measure component compound mass concentrations.  Many mass 
spectrometers have been designed to detect aerosol particles with different combinations 
of volatilization techniques, ionization sources, and mass analyzers.1, 2  Of these, flash 
thermal volatilization and electron ionization (EI) with a time-of-flight mass spectrometer 
(TOFMS) is common and has been commercialized.  EI causes extensive fragmentation 
that makes it difficult to identify compounds in complex mixtures.  A critical need 
remains for more specific characterization.  Alternative ionization methods have been 
used that cause less fragmentation for some compounds.  UV laser desorption and 
ionization is very sensitive for some particles but also tends to cause high levels of 
fragmentation of organics.3, 4  Vacuum UV ionization has been shown to further reduce 
fragmentation and has been applied to particles vaporized on a heated surface5 and by IR 
laser irradiation.6, 7  Chemical ionization causes the least fragmentation and has been used 
with particle collection/flash thermal vaporization on the order of minutes.8, 9  Chemical 
ionization has also been used for real-time analysis,10, 11 and atmospheric sampling glow 
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discharge ionization (ASGDI) has been used to chemically ionize particles with multiple 
reagent ions.12 
2.1.2 Tandem Mass Spectrometry 
 Real-time mass spectrometry can detect low mass concentrations, but tandem 
mass spectrometry (MS/MS) is necessary for analyte structure identification and mixture 
analysis.13-15  The TOFMS instruments most commonly used for aerosol detection are 
incapable of performing MS/MS.  Quadrupole ion trap mass spectrometers can not only 
perform MS/MS but can also readily perform multiple stages of MS/MS (MSn).  Single 
aerosol particles have been ionized in an ion trap with timed UV laser shots as the 
particles passed through the center of the trap.  The ions created within the trap are then 
available for MSn.16, 17   
The aerosol quadrupole ion trap mass spectrometer (AQITMS) presented here 
characterizes aerosols in real time.  An aerodynamic lens18, 19 passes particles though a 
hole in one side of the ring electrode into the trapping volume.  The particles are 
volatilized upon impacting the opposite, inner surface of the heated ring electrode.  The 
vaporized particles are ionized by selected ion chemical ionization (SICI).20  A mixture of 
SOA products from α-pinene ozonolysis carried out in an aerosol bag are detected in real 
time at ppb concentrations, and analytes are identified with collision induced dissociation 
(CID). 
2.2 Experimental 
2.2.1 Instrumentation and Aerosol Sampling 
 A Finnigan ITDTM controlled with modified ITMS (Revision B) software was 
modified for detection of aerosol particles.  A schematic of the AQITMS apparatus is 
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shown in Figure 2.1.  The quadrupole ion trap has a 3.2 mm hole drilled through one side 
of the ring electrode for particles to enter the trapping volume.  The high vacuum 
chamber containing the trapping electrodes has a base pressure of 2.3×10-5 Torr with the 
aerodynamic lens orifice open and 2×10-7 Torr with the aerodynamic lens orifice closed, 
measured by an ion gauge on the chamber.  Helium bath gas is added for a constant 
pressure of 1.0×10-3 Torr for optimum sensitivity of the ion trap.  A transfer chamber is 
separated from the trap chamber by a 1.8 mm orifice and has a pressure of 80 mTorr.  An 
aerodynamic lens is inserted in the transfer chamber opposite the orifice to the trap 
chamber.  The trap chamber is pumped at 280 L/s by the first stage of a Pfeiffer 
SplitFlow turbo pump, and the second stage pumps the transfer chamber at 205 L/s. 
A Lesker 1000 W stab-in bakeout heater near the trapping electrodes heats the 
ring electrode surface to 50-130 °C to aid volatilization.  The ring electrode surface 
temperature was calibrated against average helium bath gas temperature as measured by a 
k-type thermocouple in the trap chamber located 2 cm from the trapping electrodes.  A 
second k-type thermocouple on an (thermally conductive, electrically isolating) alumina 
surface in contact with the ring electrode was used to make the initial calibration.  A 
temperature of 115 ˚C was used for volatilization unless otherwise noted. 
 The aerodynamic lens continuously samples air through a 200 µm orifice at 0.3 
L/m.  Aerosol particles enter through the orifice, passing from atmospheric pressure to 
5.1 Torr, as measured by a convection pressure gauge.  Particles under 1000 nm diameter 
are focused into a beam by passing through the consecutive orifices within the 
aerodynamic lens and enter the transfer chamber.  The particle beam passes into the trap 
chamber and then into the trapping region through the hole in the side of the ring  
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Figure 2.1. Schematic of AQITMS.
 20
electrode.  Particles impact the opposite, inner surface of the heated ring electrode and 
volatilize.  The diameter of the particle beam is visually inspected by collecting salt 
particles on a slide over the impact site.  The salt particle spot has a diameter of 
approximately 1.5 mm after traveling a distance of 21.8 cm from the lens exit to impact 
within the ion trap. 
 For comparison of fragmentation patterns from single-component particles, mass 
spectra were also acquired with an aerosol time-of-flight mass spectrometer (ATOFMS) 
that has been described elsewhere.6, 7  Single particles with greater than 100 nm diameter 
were volatilized with a CO2 laser and ionized with 118 nm vacuum UV photoionization. 
2.2.2 Aerosol Particle Generation and Size Measurement 
Standard single-compound and mixture solutions of organic acids (Sigma 
Chemical, St. Louis, MO) were made to between 40 µM to 1.5 mM in water.  Aerosol 
particles were generated from the solutions with a TSI 3076 constant output atomizer.  
Particles were sampled directly with conductive tubing from the particle source to the 
aerodynamic lens orifice. 
Secondary organic aerosol (SOA) particles were generated by ozonolysis of 
α-pinene in a 500 L Teflon bag.  The bag was initially filled with air passed through a 
MKS 647B mass flow controller.  Ozone was generated by passing medical-grade air 
through an ozone generator (model L11, Pacific Ozone Technology, Benicia, CA).  The 
ozone was diluted by a factor of 45 with air before its concentration was determined by a 
10 cm long home-built absorption cell monitoring light absorption at λ = 254 nm.21  The 
diluted oxygen was then flowed into the bag to a concentration in air.  A liquid sample of 
α-pinene evaporated immediately upon injection directly into the closed bag and was 
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allowed to mix for 1-2 minutes.  After mixing, the valve on the bag was opened to 
conductive tubing to the aerodynamic lens for continuous, direct sampling.  Following 
the conclusion of an experiment, the bag was evacuated and purged with air, which was 
analyzed to ensure that no reaction products remained. 
 A TSI scanning mobility particle sizer (SMPS) consisting of a 3081 dynamic 
mobility analyzer and a 3022a condensation particle counter was used to measure the 
mass concentration of particles.  Particles with diameters between 14.9 and 673 nm were 
counted.  Depending on the compound and its concentration in solution, the mean 
diameter of the particles formed was between 40 and 100 nm.  Aerosol sample lines were 
split to the SMPS and to the aerodynamic lens orifice on the AQITMS for simultaneous 
measurement of particle mass concentration and acquisition of mass spectra.  Ninety 
mass spectra were averaged during the 135 s for a SMPS mass measurement.  Some 103 
particles are sampled by the AQITMS per second, as measured by the SMPS.  Given the 
reduced transmission efficiency for ultrafine particles with the aerodynamic lens, the 
actual number of particles contributing to AQITMS signal is significantly smaller.2 
2.2.3 Glow Discharge Ionization Source and Selected Ion Chemical Ionization 
H3O+ reagent ions are generated by glow discharge ionization (GDI) of water 
vapor in a source region on the trap chamber orthogonal to the transfer chamber and 
aerodynamic lens.  The source has a base air pressure of 0.05 Torr measured by a 
capacitance manometer, and water vapor is leaked in to a pressure of 0.14 Torr.  A high 
voltage of -850 to -950 V is applied to the front plate cathode to induce a 2.2 mA glow 
discharge between the front plate and an anode at -30 V.  H3O+ reagent ions from the 
glow discharge are gated into the ion trap by an Einzel lens for 500 ms.  Aerosol particles 
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are continuously supplied to the trap in bulk for volatilization and SICI.  SICI occurs by 
proton transfer from H3O+ to the higher proton affinity analyte molecules.  Another 500 
ms period is allotted for SICI before analyte ions are ejected for detection.  H3O+ reagent 
ions are also generated within the trap for SICI.  Some electrons overcome the Einzel lens 
barrier to enter the trapping volume and ionize molecules from the residual air in the trap.  
Analyte ions are far less abundant than bath gas molecules, and EI is minimal.  N2+● 
rapidly charge-exchanges with water molecules, and the H2O+● reacts to form more 
hydronium ions in the trap.  The gate and reaction times and the number of scans 
averaged were adjusted depending on the speed and sensitivity required in experiments.  
A combined gate and reaction of time of more than 100 ms gave enough signal from 
H3O+ reagent ions and O2+● ions to saturate the detector (not shown).  Unit mass 
resolution was achieved for analyte ions above m/z 50 despite space charge effects from 
such excess ion populations. 
2.2.4 MS/MS Implementation 
Collision induced dissociation of analyte ions was performed by applying 
resonant waveform voltages to the endcap trapping electrodes.  Stored waveform inverse 
Fourier transform (SWIFT) was implemented with LabVIEW to construct the 
waveforms.22  A 1.0-2.8 Vp-p SWIFT waveform from an arbitrary waveform generator 
was applied to dissociate a parent ion at a qz of 0.25 for CID. 
2.3 Results and Discussion 
2.3.1 Selected Ion Chemical Ionization 
 Sensitivity is improved by reducing fragmentation of the protonated molecule or 
molecular ion.  Proton transfer SICI with the AQITMS caused less fragmentation than 
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vacuum UV photoionization, a technique in aerosol particle mass spectrometry designed 
specifically to reduce fragmentation of organic compounds.23  A mass spectrum acquired 
from vacuum UV photoionization of volatilized oleic acid particles in the extraction 
region of the ATOFMS is shown in Figure 2.2a.  The molecular ion comprises less than 
1% of total ion signal.  The most intense peak in the spectrum comprised 10.6% of total 
ion signal and was formed along with many other peaks above and below m/z 200 due to 
aliphatic fragmentation.  The number of peaks makes assignment difficult and would 
greatly complicate spectra from a mixture of compounds.  In contrast, a mass spectrum 
acquired from SICI of volatilized oleic acid particles in the trapping volume of the 
AQITMS is shown in Figure 2.2b.  The protonated molecule [M+H]+ comprised 1.5% 
total ion signal, but the peaks below m/z 200 have smaller abundance than in the vacuum 
UV mass spectrum.  Unlike photoionization, the majority of the signal comes from just 
two peaks due to water losses from the protonated molecule, [M+H-H2O]+ and 
[M+H-2H2O]+.  Sensitivity was increased with SICI because the most intense peak is 
increased to 16.7% of total ion current.  IR laser irradiation has previously been shown to 
cause a similar fragmentation pattern to volatilization at several hundred degrees 
Celsius.5 
2.3.2 Temperature Effects 
 The temperature of the ring electrode surface and bath gas directly affected ion 
fragmentation and sensitivity of SICI mass spectra.  Heating the ring electrode was 
necessary for efficient volatilization of aerosol particles with low vapor pressure (oleic 
acid 1.69×10-5 Pa).  As the temperature was decreased, particles adsorbed to the ring  
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Figure 2.2. a) Vacuum UV photoionization of volatilized oleic acid particles in the 
extraction region of a ATOFMS, and b) proton transfer SICI of volatilized oleic acid 
particles in the trapping volume of the AQITMS. 
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electrode surface and required increasing time to desorb (Figure 2.3a).  A ring electrode 
temperature of at least 105 ˚C was necessary for instantaneous volatilization of particles 
at 100-200 µg/m3 for SICI with no residual signal.  Higher minimum surface temperature 
was required for increasing particle mass concentration.  Conversely, the observed 
abundance of H3O+ reagent ions after the same gate time decreased with increasing 
temperature in the ion trap chamber.  Lower bath gas temperatures caused less 
fragmentation of [M+H]+ ions (Figure 2.3b), and background also decreased with 
decreasing temperature.  To balance the effects, the minimum surface temperature is used 
for volatilization without signal persistence.  Signal response was linear with particle 
mass concentration at a given volatilization temperature.  Oleic acid particles at mass 
concentrations from 10-1100 µg/m3 were volatilized at 115 ˚C for linear signal response 
with R2 = 0.995 (Figure 2.4).  The volatilization temperature could also be reduced for 
more sensitive detection of lower particle concentrations.  The limit of detection (S/N ≥3) 
was 5 µg/m3 for oleic acid volatilized at 80 ˚C. 
2.3.3 Characterization of Aerosol Particle Standards 
 Homogeneous pinic acid or pinonic acid aerosol particles were analyzed with the 
AQITMS.  A typical mass spectrum for pinic acid is shown in Figure 2.5a.  The most 
abundant product ion in the mass spectrum is [M+H-H2O]+ at m/z 169, and a significant 
abundance of [M+H-2H2O]+ was also observed.  Several other fragment ions were also 
observed.  The pinonic acid mass spectrum also has water-loss fragment ions, at m/z 167 
and m/z 149, but other fragment ions were more abundant (Figure 2.5b).  The structural 
similarity of the molecules produced two identical fragment ions at m/z 125 and 115, 
which cannot be used to characterize the two compounds in a mixture. 
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Figure 2.3. SICI of oleic acid particles at 100-200 µg/m3 at different temperatures of the 
ring electrode surface: a) time for signal to decay to baseline after particle source is 
removed, and b) analyte ion abundance normalized by particle mass concentration for 
[M+H]+ (■), [M+H-H2O]+ (○), and [M+H-2H2O]+ (∆), (95% confidence error bars). 
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Figure 2.4. AQITMS signal abundance from oleic acid particles volatilized at 115 ˚C for 
[M+H]+ (■), [M+H-H2O]+ (○), and [M+H-2H2O]+ (∆), (95% confidence error bars). 
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Figure 2.5. AQITMS mass spectra of a) pinic acid and b) pinonic acid. 
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AQITMS signal was compared against particle mass concentration as measured 
by the SMPS to make calibration curves.  Mass spectra of pinic acid particles at 
concentrations up to 170 µg/m3 were observed with linear signal response at R2 = 0.998, 
and the limit of detection (S/N ≥ 3) of [M+H-H2O]+ was 20 µg/m3.  The mass 
concentration of pinonic acid could not be accurately measured with the SMPS at the 
same residence time, and a calibration curve could not be made.  The finite residence 
time of particles in the dynamic mobility analyzer before detection with the condensation 
particle counter provides enough time for partial evaporation of more volatile compounds 
in particles.  Although both compounds are generally classified as low volatility, the 
thirty times higher calculated vapor pressure of pinonic acid (1.84×10-2 Pa) compared to 
pinic acid (5.87×10-4 Pa) caused significant underestimation of particle mass by the 
SMPS compared to pinic acid. 
2.3.4 Multi-component Aerosol Particles 
Multi-component particles were generated from different solution mixtures of 
pinic acid and pinonic acid.  Ninety mass spectra were acquired at each of three different 
particle mass concentrations for five mole ratios of pinic acid to pinonic acid.  Fragment 
ions from each compound were identified based on mass spectra of single-component 
particles.  For each set of averaged AQITMS spectra, the intensities of the five most 
abundant fragment ions for each component compound were summed to find the total 
signal for pinic acid and pinonic acid, respectively.   Finally, the ratio of pinic acid signal 
to pinonic acid signal was plotted against the mole ratio of the compounds in solution.  
The resultant linear calibration curve had a slope of 0.5519 and R2 = 0.996.  The plot 
does not have a slope of one because not every ion signal for each analyte was included 
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in the total.  Fragment ions m/z 125 and 115 cannot be assigned when both compounds 
are present, and low-abundance fragment ions might not be observed over noise at low 
particle mass concentrations.  Using the same mass spectra, the ratio of pinic acid signal 
to pinonic acid signal was also computed from the abundance of the largest observed ion 
for each compound, [M+H-H2O]+.  The single ion linear calibration curve of AQITMS 
signal ratio against mole ratio of the compounds in solution had a slope of 1.6046 and R2 
= 0.995.  The greater slope reflects the reduced fragmentation of pinic acid [M+H-H2O]+ 
compared to pinonic acid.  The linearity of the mole ratio calibration curves verifies that 
all compounds in mixture particles are volatilized with equal efficiency, despite the 
difference in vapor pressure of the composite compounds. 
 Unlike the signal response from the AQITMS, total mass concentration 
measurements with the SMPS did not have a linear relationship to the ratio of 
components in particles.  The different vapor pressures of pinic acid and pinonic acid at 
the same residence time in the SMPS caused nonlinear response with increasing amounts 
of pinonic acid.  Empirical corrections could be made for a simple mixture of two known 
components to compensate for mass loss in the SMPS.  However, the complexity of a 
bulk sample containing multiple different, possibly unknown components with different 
vapor pressures suggests that a common SMPS residence time giving accurate results is 
difficult to discover and would require extensive empirical study.  A single component 
compound with low vapor pressure is used as an internal standard to measure the 
concentration of other compounds.  The pinic acid single-component calibration curve 
against the SMPS gives mass concentration based on AQITMS signal, and the mole ratio 
to another analyte (in this case pinonic acid) is given by the observed AQITMS ion signal 
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ratio.  Comparing the signal ratios between one fragment ion per analyte reduces the 
likelihood of another compound contributing an isobaric ion. 
2.3.5 Secondary Organic Aerosol Detection 
 Secondary organic aerosol particles from ozonolysis of α-pinene were sampled 
from an aerosol bag for real-time detection with the AQITMS.  The bag contained 200 
ppb ozone in air, and the 0.3 µL sample of α-pinene injected into the bag yielded a 
volumetric concentration of 100 ppb.  SOA particles were detected in the first spectrum 
acquired after the bag was opened to the sampling orifice.  Particles were observed 
continuously over the next 5.5 hours until sampling was ended.  Thirty scans of the 
AQITMS were averaged during every 38 s period after sampling began.  AQITMS 
particle signal grew steadily for the first 42 minutes during particle nucleation and growth 
(Figure 2.6a).24  Total particle signal and mass concentration fluctuated compared to 
SMPS measurements throughout the remaining sample time as different SOA compounds 
were formed at different rates and may have undergone tertiary reactions.  Overall signal 
gradually decayed as particles were lost to the walls of the bag.  Pinic acid and pinonic 
acid fragment ions were observed along with ions from other SOA compounds 
throughout the sample time, and a typical spectrum is shown in Figure 2.6b.  The relative 
intensities of some fragment ion signals associated with either acid did not have the same 
proportion to [M+H-H2O]+ ions as in the spectra of single-component particles.  Other 
ozonolysis reaction products with similar structure25-27 that have not been characterized 
with the AQITMS form the isobaric or isomeric. 
 The changing concentrations of SOA particle components throughout the analysis 
were calculated from AQITMS spectra.  The ratio between pinic acid and pinonic acid  
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Figure 2.6. SOA particles from reaction of 200 ppb ozone with 100 ppb α-pinene in air, 
a) normalized AQITMS total ion signal (○) and normalized SMPS total particle mass 
concentration (■) throughout sampling time, and b) 100 minutes after direct injection of 
α-pinene into aerosol bag.
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[M+H-H2O]+ ion signals in each spectrum was used to calculate the actual mole ratio of 
the compounds in the multi-component SOA particles using the previous mole ratio 
calibration curve (Figure 2.7a).  The observed mole ratio fell within the limits of the 
calibration curve.  The real-time concentration in the bag and partial mass concentration 
in particles was calculated for pinic acid from the abundance of pinic acid [M+H-H2O]+ 
ions and the single-component particle SMPS calibration curve (Figure 2.7b).  Pinonic 
acid increased by four times to peak at 36 ppb at the same time as overall ion signal, and 
pinic acid increased by six times over four hours to 24 ppb.  The combined mass 
concentration of pinic acid and pinonic acid varied directly with the total particle signal 
throughout sampling time (Figure 2.8), although other SOA compounds contributed the 
majority of the signal. 
2.3.6 Tandem Mass Spectrometry 
Tandem mass spectrometry identifies compounds in aerosols by the product ions 
unique to different compounds.  CID of the oleic acid formed many product ions.  The 
most abundant product ion from CID of oleic acid [M+H-H2O]+ came from a second 
water loss (Figure 2.9).  CID of either water loss ion produced three ion series from the 
double bond in oleic acid and double bonds formed after dehydration.  Pinic acid and 
pinonic acid gave fewer product ions.  CID of [M+H-H2O]+ ions usually caused 
(additional) water loss and CO loss from oxygenated functional groups, and MSn of pinic 
acid [M+H-H2O]+ was necessary to form enough product ions to identify the compound. 
Ions from SOA particles were identified as they were formed in real time.  The 
respective [M+H-H2O]+ ions were used to identify pinic acid and pinonic acid despite not 
being the most abundant pinonic acid fragment ion observed from single-component  
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Figure 2.7. As a function of time from after direct injection of α-pinene into aerosol bag, 
a) mole ratio of pinic acid to pinonic acid in SOA particles, and b) mass concentration in 
particles (µg/m3) and concentration in aerosol bag (ppb) of pinic acid (orange □) and 
pinonic acid (green ○). 
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Figure 2.8. The total AQITMS particle signal counts (■) and the combined calibrated 
mass measurements of pinic acid and pinonic acid in µg/m3 (○) as a function of time 
from direct injection of α-pinene into aerosol bag. 
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Figure 2.9. CID of oleic acid [M+H-H2O]+ (red trace).  Product ions in are denoted by 
mass-to-charge. 
 37
particles.  Smaller mass-to-charge fragment ions may be identical to fragment ions from 
uncharacterized SOA compounds with similar structures and would not be differentiated 
by CID.  Pinic acid [M+H-H2O]+ at m/z 169 can be formed by dehydration of either of 
two carboxylic acids, and CID produced a second water loss (Figure 2.10a).  More 
informative product ions are required to distinguish pinic acid in the SOA mixture.  MSn 
dissociation of [M+H-2H2O]+ produced losses of CO or CH2CO.  [M+H-H2O]+ from 
pinonic acid is formed by dehydration of the single carboxylic acid, and dissociation of 
m/z 167 produced a second water loss from the ketone and/or loss of either remaining 
CH2CO group (Figure 2.10b).  The unique CID product ions for both compounds 
matched the reference spectra of each.  The real-time identification of [M+H-H2O]+ ions 
from pinic acid and pinonic acid as the only ions at their respective mass-to-charge values 
confirms the observed AQITMS signals as the basis for concentration calculations. 
2.4 Conclusions 
 The AQITMS performs aerosol particle detection and analysis using a sensitive, 
efficient, and MSn-capable instrumental design.  Particles are delivered to the heated 
trapping volume via an aerodynamic lens and volatilized.  Proton transfer SICI ionizes 
the analyte and causes less fragmentation than vacuum UV photoionization and EI.  The 
most abundant analyte ions are [M+H]+, [M+H-H2O]+, and [M+H-2H2O]+ for the 
analytes studied, allowing detection of aerosol compound concentrations as low as 5 
µg/m3.  SICI signal has some dependence on volatilization temperature, but using the 
present parameters the AQITMS can detect a dynamic range of single-component particle 
mass concentration over two orders of magnitude.  The AQITMS can also detect a single 
compound in a complex SOA mixture.  The SOA products from ozonolysis of 100 ppb  
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Figure 2.10. CID of fragment ions observed from α-pinene ozonolysis for a) pinic acid 
[M+H-H2O]+ (red trace) and [M+H-2H2O]+ (blue trace) at 70 minutes after direct 
injection, and b) pinonic acid [M+H-H2O]+ (red trace) at 50 minutes after direct injection.  
Product ions are denoted by mass lost from smallest mass-to-charge ion in colored trace.
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α-pinene are detected in real time, and the mole ratio and mass concentration are 
calculated for pinic acid and pinonic acid.  Pinic acid is a suitable internal standard 
because the fragment ion [M+H-H2O]+ has high relative abundance and is observed 
throughout the ozonolysis reaction.  The low vapor pressure of pinic acid allows accurate 
concentration measurement with the SMPS, and pinic acid is commercially available for 
comparison to other compounds in mixture standards.  Finally, tandem mass 
spectrometry with the AQITMS allows the characterization of aerosols compounds.  SOA 
ions are identified to confirm the signal basis for standardized concentration 
measurements.  The fast response of AQITMS detection and ease of CID allow 
observation of changing particle characteristics in real time. 
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Chapter 3 
Improving IRMPD in a Quadrupole Ion Trap 
 
3.1 Introduction 
3.1.1 Advantages of IRMPD vs. CID 
Infrared multiphoton photodissociation (IRMPD) has been used for tandem mass 
spectrometry in a quadrupole ion trap mass spectrometer1-7 and a Fourier transform ion 
cyclotron resonance mass spectrometer8-11 as an alternative to collision-induced 
dissociation (CID).  Only one mass-to-charge ion is selected for excitation in 
conventional CID, limiting sequential dissociation of product ions into smaller mass 
product ions.  Conversely, in IRMPD all parent and product ions are irradiated 
simultaneously with a collimated, IR laser providing the capability to generate abundant 
small mass product ions.  IRMPD is typically performed in a quadrupole ion trap mass 
spectrometer at a smaller low mass cut-off (LMCO) than CID, allowing the observation 
of a broader mass-to-charge range of product ions2,4 and a higher MS/MS efficiency 
(Equation 1.2).  IRMPD is performed in a Fourier transform ion cyclotron resonance 
mass spectrometer to eliminate the need for a CID target gas to be leaked into and 
pumped out of the ICR cell.10-11 
3.1.2 IRMPD Efficiency 
The sensitivity of a quadrupole ion trap mass spectrometer is optimized with a 
bath gas pressure around 1.0×10-3 Torr.  Bath gas collisions reduce the kinetic energy of 
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trapped ions and minimize the size of the ion cloud.12  However, collisions also remove 
internal energy gained from IR absorption, necessitating longer periods of irradiation for 
dissociation and decreasing fragmentation efficiency13 (Equation 1.1).  IRMPD in a 
quadrupole ion trap mass spectrometer often is performed at 1×10-5 to 3×10-4 Torr to 
decrease collisional cooling of parent ion internal energy2-7, 13 and achieve dissociation 
with shorter irradiation times.  However, this reduced bath gas pressure is less effective 
for trapping ions during injection and reduces sensitivity. 
Several methods have been developed to increase IRMPD fragmentation 
efficiency by combining IRMPD with another form of ion activation and/or decreasing 
collisional cooling.  Ions have been dissociated in a quadrupole ion trap mass 
spectrometer at 1×10-3 Torr with irradiation times comparable to IRMPD at lower 
pressures by using thermal assistance,4 or collisional activation prior to irradiation.14  
Pulsed introduction of the bath gas has also been used to increase trapping efficiency 
during ion injection, and then the gas is pumped away prior to irradiation.15  Covalent 
attachment of IR-active ligands to increase the rate of absorption has been used to 
achieve dissociation in shorter irradiation times.16-17  The first example of IRMPD in a 
quadrupole ion trap mass spectrometer used a multi-pass optical system to increase the 
pathlength of the laser and overlap with the ion cloud.1  In Fourier transform ion 
cyclotron resonance mass spectrometers collisional cooling is not an issue, but because of 
the large magnetron radius of the ions the laser is commonly left unfocused to maximize 
laser overlap18; irradiation times are commonly up to an order of magnitude longer than 
for IRMPD in a quadrupole ion trap mass spectrometer.  The work described here shows 
that focusing the laser for IRMPD in a quadrupole ion trap mass spectrometer is the most 
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simple and effective means of increasing fragmentation efficiency.  Peptide ions are 
shown here to be completely dissociated in as little as 3 ms by focusing the laser on the 
trapped ion cloud at 1.0×10-3 Torr, at least an order of magnitude shorter than irradiation 
times previously reported with a quadrupole ion trap mass spectrometer at any bath gas 
pressure. 
3.2 Experimental 
3.2.1 Instrumentation and Samples 
All experiments were performed on a modified Finnigan ITMSTM controlled with 
ICMS software.19  Peptides were obtained from Sigma Chemical Co. and used without 
further purification.  Samples were prepared as 25 µM solutions in 75:20:5 
methanol:water:acetic acid.  Base pressure in the quadrupole ion trap mass spectrometer 
without added bath gas was 2×10-5 Torr.  Helium bath gas was added for a constant 
pressure of 3×10-4 Torr to 1×10-3 Torr.  (Measurements were made at 3×10-4 Torr 
because this is the pressure just below where significant collisional cooling starts to 
occur.4)  There are no conductance limits in the electrode assembly so the pressure 
measured in the vacuum system is the pressure in the quadrupole ion trap mass 
spectrometer.  A nano-electrospray source was used to generate parent ions: [PD+H]+ 
(231 Da, m/z 231); [ALILTLVS+H]+ (830 Da, m/z 830); [bradykinin+2H]2+ (1062 Da, 
m/z 531); and [melittin+4H]4+ (2850 Da, m/z 712).  All parent ions were trapped at a qz of 
0.10. 
3.2.2 IRMPD Configuration 
A Synrad 50 W CO2 laser triggered by a TTL pulse from the ITMS electronics is 
used for IRMPD.  The laser beam is passed into the vacuum housing through a ZnSe 
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window by optical elements mounted on translation stages.  A ZnSe lens with a focal 
length of 38.1 cm can be translated into or out of the laser path.  The ring electrode has 
been modified by drilling a 3.2 mm hole through the center, perpendicular to the axial 
direction.  The laser beam is passed through the hole and out the opposite side of the ring 
electrode into a beam dump (the inside of a ½-inch Cajon fitting painted black with 
Aerodag). 
IRMPD fragmentation efficiency measurements are used to center the laser beam 
on the trapped ion cloud for maximum overlap, with and without the focusing lens.  A 
peptide ion is trapped at a qz of 0.40 to minimize the axial size of the ion cloud.  The laser 
beam is translated axially until maximum dissociation is observed.  The laser beam is 
translated to either side to confirm the position at the center of the ion cloud, as 
dissociation is reduced at equal distances from the center.  The vertical position of the 
laser beam is also adjusted for maximum dissociation. 
3.3 Results and Discussion 
3.3.1 Laser Characterization 
 The beam waist of the unfocused and focused laser was measured at the focal 
length, outside the vacuum system.  A razor blade on a precision translation stage was 
used to measure the beam waist by finding the positions where beam power was 
attenuated by 7% and 93%, defined as the beam diameter, and dividing the difference by 
2  to relate the Gaussian beam profile to a full width at half maximum.  The unfocused 
laser beam waist was measured nine times for an average of 3.63 ± 0.07 mm, but in 
IRMPD experiments the laser beam is clipped at the edge of the smaller, 3.2 mm hole in 
 47
the ring electrode.  The focused laser beam waist was also measured nine times at the 
focal point for an average of 0.94 ± 0.04 mm. 
3.3.2 Power and Overlap with the Ion Cloud 
 The axial amplitudes of trapped ion clouds at a qz of 0.10 and helium bath gas 
pressure of 3.3×10-4 Torr, reduced from 1.0×10-3 Torr to prevent significant collisional 
cooling for IRMPD, were measured with laser tomography20-21 (Figure 3.1).  The focused 
laser was axially translated away from the center of the trapping volume up to ~1 mm 
without clipping the edge of the hole in the ring electrode.  Overlap with the ion cloud 
decreases as the focused laser beam is translated axially, and fragmentation efficiency 
decreases accordingly.  The larger mass-to-charge ion had a smaller measured ion cloud 
at the same qz, as predicted.22  Ion cloud axial amplitudes have also been shown to 
decrease with increasing bath gas pressure.20  The profile of [PD+H]+ at 3.3×10-4 Torr 
and a qz of 0.10 represents the largest ion cloud in these IRMPD experiments and is 
larger than the beam waist of the focused laser.  The unfocused laser irradiates an area up 
to three times larger than trapped ion clouds, and much of the radiation is not absorbed 
because the ion cloud does not overlap the whole beam spot.  The focused laser beam is 
smaller than or similar in size to all trapped ion clouds, increasing the overlap of the ion 
cloud with the laser.  Laser flux on the ion cloud is also increased by focusing laser 
intensity on a smaller area. 
 The laser beam power was measured at two positions: the center of the ring 
electrode and 30.5 cm beyond the center of the ring electrode.  Laser power at the center 
of the trap was measured external to the vacuum housing by passing the laser through a 
separate, 3.2 mm aperture equal to the hole in the ring electrode.  The power of the  
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Figure 3.1.  Laser tomography of [PD+H]+ (■), m/z 231, and [melittin+4H]4+ (○), m/z 
712, at a constant helium bath gas pressure of 3.3×10-4 Torr and a qz of 0.10 (95% 
confidence error bars).  Constant irradiation times of 7 ms for [PD+H]+ and 1.75 ms for 
[melittin+4H]4+ were used to approximately match peak fragmentation efficiency.   
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unfocused laser was reduced by clipping at the edge of the hole in the ring electrode, and 
the power of the focused laser was 1.9 ± 0.3 times greater.  Taking the focused beam 
waist and the hole in the ring electrode as diameters of a circular beam spot, respectively, 
the average flux of the focused laser per square millimeter is 6 ± 1 times greater than the 
average flux of the unfocused laser.  Only the high-probability area of the ion cloud is 
irradiated by the focused laser spot instead of a larger area through the trapping volume. 
3.3.3 IRMPD Efficiency Improvement 
Increased laser flux on the ion cloud produces greater fragmentation efficiency 
and increases the dependence of fragmentation efficiency on ion cloud size.  IRMPD of 
ions with the laser unfocused and focused was compared at a helium bath gas pressure of 
3.3×10-4 Torr (Figure 3.2), reduced from 1.0×10-3 Torr to decrease collisional cooling.  
By using the focused laser, 7-12 times less irradiation time was required to achieve 100% 
fragmentation efficiency for respective parent ions compared to IRMPD with the 
unfocused laser.  Fragmentation efficiency at a given irradiation time was also observed 
to increase with ion mass.  Two factors explain the IRMPD mass dependence.  Larger 
peptide ions with more residues have more IR-active groups, increasing absorption and 
dissociation despite having more degrees of freedom.  Larger mass-to-charge ions also 
remain closer to the center of the trap and the most intense part of the laser.  The focused 
laser increases the importance of the second factor because of the greater laser flux at the 
center of the trap. 
 IRMPD of ions with the laser unfocused and focused was also compared at a 
helium bath gas pressure of 1.0×10-3 Torr (Figure 3.3).  Irradiation times for equivalent 
fragmentation efficiencies were increased compared to IRMPD at 3.3×10-4 Torr because  
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Figure 3.2.  IRMPD at a constant helium bath gas pressure of 3.3×10-4 Torr with the laser 
unfocused (■) and focused (○) of a) [PD+H]+, m/z 231;b) [bradykinin+2H]2+, m/z 531; 
and c) [melittin+4H]4+ m/z 712. (95% confidence error bars). 
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Figure 3.3.  IRMPD at a constant helium bath gas pressure of 1.0×10-3 Torr with the laser 
unfocused (■) and focused (○) of a) [PD+H]+, m/z 231; b) [bradykinin+2H]2+, m/z 531; 
and c) [melittin+4H]4+ m/z 712.  (95% confidence error bars). 
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of the increased collisional cooling.  No more than 3% fragmentation efficiency could be 
achieved for any ion after 300 ms irradiation with the unfocused laser.  Less than 30 ms 
was required to achieve 100% fragmentation efficiency for all parent ions with the 
focused laser.  This is three to ten times less irradiation time for respective parent ions 
compared to IRMPD at 3.3×10-4 Torr with the unfocused laser.  Irradiation time was not 
as short as IRMPD with a focused laser at 3.3×10-4 Torr, and smaller ions required a 
greater relative increase in irradiation time at 1.0×10-3 Torr.  The rate of collisional 
cooling decreases with increasing mass23, and the dissociation of larger ions is decreased 
less by collisional cooling at 1.0×10-3 Torr.  Larger ions also have greater IR activity and 
are closer to the center of the laser. 
3.3.4 Sensitivity 
 A bath gas at 1.0×10-3 Torr improves detection over lower pressures, and 
efficient IRMPD at 1.0×10-3 Torr with the focused laser allows product ions to be 
observed in greater abundance.  Efficiency values and product ion abundances from 
IRMPD of [ALILTLVS+H]+ at 3.3×10-4 Torr with the unfocused laser are shown in 
Table 3.1.  As fragmentation efficiency of the parent ion increased, product ion 
abundances grew to a maximum and then decreased due to sequential dissociation.  
MS/MS efficiency did not increase above 34% with increasing fragmentation efficiency 
because some product ions were sequentially dissociated to below the LMCO even at a qz 
of 0.10.  Product ion abundances from IRMPD of [ALILTLVS+H]+ at 1.0×10-3 Torr with 
the focused laser are shown in Table 3.2 at similar fragmentation efficiencies to Table 
3.1.  Absolute product ion abundances were increased four to forty times with IRMPD at 
the higher bath gas pressure and there is no change in the background noise.  Several 
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Table 3.1.  Product ion abundances from IRMPD of [ALILTLVS+H]+ with the laser 
unfocused at helium bath gas pressure of 3.3×10-4 Torr, in arbitrary units ± 95% 
confidence error.  The largest abundance observed for each ion is shown in bold. 
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Table 3.2.  Product ion abundances from IRMPD of [ALILTLVS+H]+ with the laser 
focused at helium bath gas pressure of 1.0×10-3 Torr, using the same units as Table 3.1 ± 
95% confidence error.  The largest abundance observed for each ion is shown in bold. 
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product ions, such as b3+ and b2+, were only reliably observed at 1.0×10-3 Torr.  MS/MS 
efficiency increased to a maximum of 43% and was lower at 100% fragmentation 
efficiency compared to MS/MS efficiency reported in Table 3.1.  Sequential dissociation 
of product ions increases from the high flux of the focused laser, and more product ions 
are formed below the LMCO and not observed, decreasing MS/MS efficiency.  
Sequential dissociation is further increased for the reduced ion cloud sizes at 1.0×10-3 
Torr, but the greater sensitivity at higher pressure increases observed product ion 
abundances despite more extensive sequential dissociation. 
3.4 Conclusions 
 Sensitivity is increased and experiment time is decreased by performing IRMPD 
with a focused laser at 1.0×10-3 Torr.  No modification to the standard IRMPD 
experiment is required, and the only instrumental modification consists of the simple 
addition of a lens to the laser optics.  Higher sensitivity at 1.0×10-3 Torr allows product 
ions to be observed in greater abundance compared to the reduced pressures usually 
employed for IRMPD.  Irradiation time is greatly reduced by focusing the laser beam to a 
spot similar to the axial amplitudes of trapped ion clouds at a qz of 0.10.  The laser flux 
on the ion cloud is increased six times by focusing laser power on the smaller area.  
IRMPD with the focused laser can dissociate larger peptide ions that have greater overlap 
with the high-flux laser and more IR-active groups.  IRMPD of less easily dissociated 
ions might now be possible on a timescale no greater than previous experiments with an 
unfocused laser, such as <100 Da volatile organic compounds with few vibrational 
degrees of freedom, or >m/z 2000 nanoparticles with many degrees of freedom and few 
IR-active groups. 
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Chapter 4 
Profiling Ion Cloud Distribution in a Quadrupole Ion Trap 
 
4.1 Introduction 
4.1.1 Ion Motion in a Quadrupole Ion Trap 
Ion motion in a quadrupole ion trap has been studied since the early days of the 
instrumental design.1  The spatial distribution and trajectory of ions can be changed by 
adjusting the trapping rf amplitude and the bath gas pressure.2  The repulsion effects of 
space charges also change the distribution, and resonant excitation of ions increases 
kinetic energy for axially expanded amplitude of motion.  Fundamental knowledge of ion 
distribution in an ion trap can lead to the design of more effective tandem mass 
spectrometry experiments.  The shape and density of the ion cloud is particularly 
important for photodissociation experiments, where the overlap between the ion cloud 
and a laser pathway determines the efficiency of irradiation.3  
4.1.2 Previous Ion Cloud Profiles 
The first experimental study of ion motion in a quadrupole ion trap was conducted 
by photographing trapped aluminum and iron ions.1  Many years later ion trajectory 
simulations were created to study the effects of resonant energy transfer to ions and ion 
ejection.4-7  Simulations of trapped ion trajectories were also used specifically to gain 
useful information for tandem mass spectrometry.8  Sophisticated experimental methods 
have also been developed to confirm theory and simulation.  In the first scaled 
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measurement of ion distribution in a Paul trap, laser induced fluorescence was used to 
study the positions of ions trapped between quadrupole electrodes at 10-9 Torr.9, 10  While 
innovative, the instrument studied was different from the contemporary quadrupole ion 
trap that has a “stretched” geometry and a bath gas conventionally at 1×10-3 Torr.  Laser 
tomography in a modern ion trap has been performed by translating an excimer laser 
either axially11, 12 or in one radial plane13 and observing the dissociation pattern.  Helium 
bath gas pressure was below 2×10-4 Torr for these experiments, and ion distributions 
were wider than simulated measurements for a similar mass-to-charge ion at 7.0×10-4 
Torr.14  Laser tomography has generally been used to study ion distribution as a function 
of qz. 
Experimental measurements of ion cloud distribution have not been made at the 
helium bath gas pressure used for optimum sensitivity in a quadrupole ion trap, 1.0×10-3 
Torr.  The difference in performance of a quadrupole ion trap in going from a He 
pressure of 2×10-4 Torr to 1.0×10-3 Torr is dramatically demonstrated in IRMPD 
experiments.15  A greater helium bath gas pressure collisionally reduces the amplitude of 
trapped ion motion.11  Recent improvements to infrared multiphoton photodissociation 
(IRMPD) in a quadrupole ion trap have allowed efficient (up to 100%) dissociation at 
1.0×10-3 Torr and have been effective for axial laser tomography.3   IRMPD laser 
tomography is performed here at various bath gas pressures and at low qz values used for 
photodissociation experiments, giving an effective axial profile of the ion cloud that is 
directly dependent on trapped ion distribution.  Ion clouds are also profiled in axial and 
radial dimensions at qz values used for IRMPD and collision induced dissociation (CID) 
and at a lower qz value than previously studied experimentally.  The observations have 
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practical value for photodissociation experiments and other experiments where the spatial 
distribution of ions is a factor. 
4.2 Experimental 
4.2.1 Instrumentation and Samples 
All experiments were performed on a modified Finnigan ITMSTM, which has a  
ring electrode radius of 1.000 cm and an axial distance of 0.783 cm from the center of the 
ion trap.  The ion trap is controlled with ICMS software.16  Samples were prepared as 25 
µM solutions in 75:20:5 methanol:water:acetic acid.  The base pressure in the ion trap 
was 2×10-5 Torr.  Helium bath gas was added for a constant pressure of 3×10-4 Torr to 
1×10-3 Torr.  A nano-electrospray source was used to generate parent ions: [PD+H]+ 
(231 Da, m/z 231); [cytosine+H]+ (112 Da, m/z 112); [GGYR+H]+ (452 Da, m/z 452); 
and [bradykinin+2H]2+ (1062 Da, m/z 531).   The internal and kinetic energy of trapped 
ions is increased from mass-selective isolation within the trap but is damped by 
collisional cooling within 20 ms.17, 18  Ions are trapped for 30 ms with a constant rf 
amplitude after isolation and prior to IRMPD to allow collisional cooling from an 
expanded amplitude.  Equal ion abundances are used for laser tomography so that ion 
cloud profiles are not affected by different space charge effects. 
4.2.2 IRMPD Configuration 
A Synrad 50 W CO2 laser triggered by a TTL pulse from the ITMS electronics is 
used for IRMPD.  The laser beam is passed into the vacuum housing through a ZnSe 
window by optical elements mounted on precision translation stages, a periscope and a 
ZnSe lens with a focal length of 38.1 cm.  The ring electrode has been modified by 
drilling a 3.18 mm hole through the center, perpendicular to the axial direction.  The laser 
 62
beam is passed through the hole and out the opposite side of the ring electrode into a 
beam dump.  The 3.63 mm-wide laser beam is focused to a 0.94 mm beamwaist at the 
center of the trap.  The polar coordinates normally used to describe the trapping volume 
are also used for the spatial position of the laser beam.  The axial dimension is z, and the 
radial dimension is split into x and y (Figure 4.1).  The laser beam enters and exits the 
trap horizontally along x, and y is vertical from the xz plane. 
Dissociation measurements at a given irradiation time are used to initially center 
the focused laser beam on the trapped ion cloud.  An ion of m/z 500 or greater is trapped 
at a qz of 0.40 to minimize the size of the parent ion cloud.  The laser beam is translated 
axially until maximum dissociation is observed.  The laser beam is also translated to 
either side to confirm the position at the center of the ion cloud, as dissociation is reduced 
at equal distances from the center.  The y position of the laser beam is also centered for 
maximum dissociation.  For axial tomography, the laser enters the trapping volume at an 
angle that is not normal to the yz plane to avoid reflecting back into the laser cavity (less 
than 1° from the yz plane).  The laser enters the trap normal to the yz plane for 2D 
tomography, and power is reduced up to 10% by reflection back into the laser cavity.  
The slight reduction in power is compensated by longer irradiation time, and the 
tomography profile is not changed.  The focused laser can be translated from the center 
up to 1.00 mm in z (at 0 mm in y), or 0.70 mm in z and 0.70 mm in y, without clipping the 
circular edge of the ring electrode hole. 
4.2.3 Dissociation Measurement 
Laser tomography was performed by measuring the dissociation of an isolated 
parent ion as a function of laser position relative to the ion cloud.  Percent dissociation  
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Figure 4.1. Coordinate system for laser tomography. 
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measurements were used to compare ion clouds at large qz values above 0.13.  Parent 
ions at large qz values are likely to give product ions that fall below the low mass cut-off 
(LMCO) and are not observed.  Percent dissociation is given by, 
 %1001
0
×⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
P
P
D t                     (Equation 4.1) 
where D is percent dissociation, Pt is the abundance of the parent ion remaining after 
irradiation, and P0 is the abundance of the parent ion before irradiation.  For ions at qz 
0.13 or below, dissociation was measured in fragmentation efficiency (Equation 1.1). 
4.3 Results and Discussion 
4.3.1 Laser Tomography 
The laser tomography profile of trapped ion spatial distribution is governed by 
several factors.  Laser tomography in one or two dimensions essentially represents a 
convolution of the ion cloud distribution with the Gaussian intensity distribution of the 
laser.  The photon flux in the x dimension is much greater than the ion population in x, 
and dissociation measurements collapse the ion distribution in the x dimension.  The 
movement of trapped ions during the irradiation period gives dissociation measurements 
based on time-averaged ion distribution and laser intensity.  Ions are collisionally cooled 
to an equal internal energy before irradiation, and a threshold level of ion activation must 
be achieved prior to dissociation.  The dissociation measurement and activation threshold 
are directly dependent on the amount of overlap between the laser and the ion cloud.  
Differently sized ion clouds with different laser overlap require different absolute 
amounts of irradiation to achieve the activation threshold.  The irradiation time is 
therefore scaled with the ion cloud so that the same relative amount of laser power above 
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the activation threshold is used for dissociation.  Profiles of differently sized ion clouds 
are comparable if they have the same maximum dissociation measurement. 
4.3.2 Bath Gas Pressure Effects 
Ions trapped at different helium bath gas pressures were profiled with axial laser 
tomography.  The baseline axial width of [PD+H]+ ion clouds at qz 0.10 decreased as the 
bath gas pressure increased (Figure 4.2).  A maximum fragmentation efficiency of 75 ± 
5% was used to generate informative product ions in high abundance.  Fragmentation 
efficiency was greater than zero at 0.80 mm from the trap center for 3.3×10-4 Torr and 
5.5×10-4 Torr.  The approximate 2.0 mm baseline axial width of the 3.3×10-4 Torr ion 
cloud decreased to 1.3 mm at 1.0×10-3 Torr.  The ion distribution has a local minimum in 
the center of the trapping volume and maxima at some axial distance due to the Lissajous 
ion trajectory caused by the trapping rf field,19 forming a dished shape.  At 1.0×10-3 Torr 
and less so at 7.7×10-4 Torr a dished tomography profile was observed.  Although the 
dished distribution is present and actually wider at lower pressures, only the greater 
collisional cooling at higher bath gas pressures could resolve the central dip.  When the 
laser is centered on the ion cloud, the most intense part of the laser beam is on the low 
population center of the ion distribution.  The focused laser is sufficiently wide to also 
irradiate the higher ion population at the edge of the dish, and the dissociation 
measurement is a summation.  Greater collisional cooling at higher bath gas pressures 
raised the activation threshold, effectively decreasing the width of laser energy 
distribution available for dissociation.  Resolution was increased by decreasing the 
dissociation of the high ion populations outside the center of the laser; the effect was to  
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Figure 4.2. Fragmentation efficiency profiles of [PD+H]+ ion clouds at qz 0.10, collected 
with helium bath gas pressures and irradiation times of a) 3.3×10-4 Torr and 7.0 ms; b) 
5.5×10-4 Torr and 8.0 ms; c) 7.7×10-4 Torr and 10.0 ms; and d) 1.0×10-3 Torr and 13 ms 
(95% confidence error bars).
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lower dissociation at the center of the trap to be more similar to the actual ion 
distribution. 
4.3.3 Resolved Ion Cloud Bimodal Distribution 
The highest resolution for axial laser tomography is achieved by minimizing the 
size of the laser (vide infra) or maximizing the size of the ion cloud.  Smaller 
mass-to-charge ions have greater axial width at a given qz because the restoring force that 
directs ions to the center of the trap is smaller.3, 14  The axial profile of [cytosine+H]+ at 
qz 0.10 and 1.0×10-3 Torr bath gas had the widest axial distance between fragmentation 
efficiency maxima, and the ion distribution dish in the center of the ion trap is easily 
observed (Figure 4.3).  The minimum rf amplitude for efficient trapping prevented laser 
tomography of ion clouds at significantly smaller qz values for [cytosine+H]+, or smaller 
mass-to-charge ions at qz 0.10. 
4.3.4 qz Effects 
Axial laser tomography was performed for ion clouds at a range of small qz values 
that may be used for ultraviolet and infrared photodissociation experiments.  A larger 
peptide ion was used to avoid comparing bimodal distributions, although small 
differences in the size of ion clouds at a larger mass-to-charge are more difficult to 
distinguish.  Ion clouds for [GGYR+H]+ were profiled at qz values of 0.07, 0.10, and 0.13 
with a maximum 63 ± 1% fragmentation efficiency (Figure 4.4).  All product ions 
observed at maximum dissociation at qz 0.07 were also observed at qz 0.13, making the 
fragmentation efficiency calculations comparable.  The baseline axial width of the ion 
cloud was just 0.3 mm larger at qz 0.07 compared to qz 0.13.  The nontrivial effect on 
dissociation at almost half the qz value was to increase the necessary irradiation by over  
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Figure 4.3. Fragmentation efficiency profile of [cytosine+H]+ ion cloud collected at qz 
0.10, 1.0×10-3 Torr helium bath gas pressure, and 100 ms irradiation time (95% 
confidence error bars). 
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Figure 4.4. Fragmentation efficiency profiles of [GGYR+H]+ ion clouds at 1.0×10-3 Torr 
helium bath gas pressure, collected with qz values and irradiation times of a) 0.07 and 
26.0 ms b) 0.10 and 9.0 ms, and c) 0.13 and 6.0 ms (95% confidence error bars).
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four times to achieve equal fragmentation efficiency.  (The exponentially smaller effect 
on ion cloud width over a greater range of qz values is shown in the next section).  In 
comparison, at one third bath gas pressure the necessary amount of irradiation increased 
less than two times.  The greater relative effect of changes in qz within this range allows 
fine control of ion cloud size and photodissociation experiments without reducing 
sensitivity by decreasing bath gas pressure from 1.0×10-3 Torr.  For example, the 
usefulness of observing lower-mass photodissociation product ions at a smaller parent ion 
qz value can be weighed against increase in necessary irradiation time. 
4.3.5 Two-dimensional Laser Tomography of Ion Clouds at qz 
Two-dimensional laser tomography of ion clouds was performed by translating 
the laser in both the z and y dimensions.  Ion clouds for [bradykinin+2H]2+ were profiled 
at qz values of 0.10, the most common for photodissociation; 0.25, the most common for 
CID; 0.50, the smallest ion cloud predicted by a previous simulation;14 and 0.80, close to 
the maximum qz for stable trapping (Figure 4.5).  The maximum percent dissociation for 
tomography of each ion cloud was 97 ± 1%.  A high maximum dissociation was used to 
measure the largest possible area for an ion at larger mass-to-charge.  An ion cloud has a 
qr value one-half the qz value and a theoretical radial distribution width twice the axial 
width.  As a result of collapsing the x dimension and the relatively large size of the laser, 
approximately equal ion cloud baseline widths in both the y and z dimensions were 
measured when qz was greater than 0.10.  The ion cloud at qz 0.10 was distributed far 
enough to be measured 25% wider in the y dimension than z.  Although the laser 
tomography baseline widths in y and z were unexpectedly similar, greater resolution of 
ion cloud distribution was achieved than with one-dimensional tomography of a smaller  
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Figure 4.5. Percent dissociation two-dimensional contour plots of [bradykinin+2H]2+ ion 
clouds at 1.0×10-3 Torr bath gas pressure, collected with qz values and irradiation times 
of a) 0.10 and 6.0 ms b) 0.25 and 3.5 ms, c) 0.50 and 2.8 ms, and d) 0.80 and 2.4 ms.
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mass-to-charge ion.  The laser equally overlaps high ion populations away from the 
center when y = 0, but at nonzero y coordinates one side of the distribution is irradiated 
by the more intense center of the laser distribution. Higher-resolution ion cloud 
distribution measurements were dished in both y and z. 
The trend in ion cloud area measured by two-dimensional tomography was 
similar to observations of ion cloud axial width at smaller qz values.  In terms of reducing 
dissociation to zero at some distance from the center, the overall yz area was largest for qz 
0.10 and decreased with increasing qz.  The elliptical area of the ion cloud was reduced 
by about 40% at qz 0.80 compared to 0.10.  The two-dimensional profiles can also be 
defined by the slope of percent dissociation with distance.  The parts of the ion cloud 
with greater than 87% dissociation (the darkest areas in Figure 4.5) trended with the 
overall area of the ion cloud.  The overall baseline width of ion clouds at qz 0.50 and 0.80 
was similar, but the highest dissociation measurements for the qz 0.80 ion cloud fell over 
a slightly smaller area than for qz 0.50.  The qz 0.25 ion cloud had the steepest average 
slope to zero dissociation.  The validity of such dissociation measurements was 
confirmed by measuring the same relative ion cloud distribution at a reduced irradiation 
time (not shown). 
4.3.6 Laser Tomography Limitations  
The laser intensity distribution was too large in the z and/or y dimensions to 
deconvolute from laser tomography data for the “actual” ion cloud distribution.  The laser 
intensity standard deviation was calculated as 0.32 based error function operation20 on a 
measured 93%-7% intensity distribution.3  The standard deviation was used to calculate 
relative laser intensity at the same number of points as collected for tomography data.  
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The irradiation time necessary to achieve the activation threshold for dissociation was 
compared to the greater irradiation time used for tomography.  The relative time 
difference was used as the baseline of the laser intensity distribution above the activation 
threshold.  The distribution of the laser intensity above the threshold has a smaller width 
than the measured beamwaist of the full laser distribution, but was still too great 
compared to the ion cloud for a definitive result from deconvolution.  The laser would 
have to be focused to 15% of its current width (0.14 mm measured beamwaist, less than 
4% the unfocused beam width) for deconvolution of the tomography data.  Focusing the 
laser beam to such a small diameter would cause power loss, and ion clouds over ten 
times as wide as the laser at qz values below 0.25 would be too deactivated by collisional 
cooling at 1.0×10-3 for effective IRMPD laser tomography.  The width of the laser 
intensity distribution above the activation threshold also decreases with the decreasing 
irradiation time used for smaller ion clouds, and ion clouds at high qz values would also 
likely not be amenable to laser tomography.  Any reduction in irradiation efficiency 
would prevent laser tomography of the most resolved ion cloud, [cytosine+H]+ in Figure 
4.3, which used 100 ms irradiation with the focused laser. 
4.4 Conclusions 
 Laser tomography experiments generate practical ion cloud spatial distributions 
relevant for photodissociation experiments in an ion trap.  IRMPD with a focused laser is 
used to profile collisionally cooled ion clouds at helium bath gas pressures up to 1.0×10-3 
Torr.  The axial distribution of trapped ions over a short range of qz values around 0.10 
used for photodissociation experiments cause a clear difference in irradiation efficiency 
from relative laser overlap.  The effect of ion qz values in that range has a greater effect 
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on axial distribution than bath gas pressure.  A dished distribution from the Lissajous 
trajectory can be resolved for ions below m/z 300 at 1.0×10-3 Torr for the first time with 
axial laser tomography.  Two-dimensional laser tomography can also be performed at the 
larger qz values a product ion could have relative to an isolated parent ion.  The ion cloud 
measurements can be used for more efficient design of photodissociation experiment in a 
quadrupole ion trap.  A similar technique of translating a focused laser in two dimensions 
could be used to find the radial profile of ion clouds in a linear ion trap at 1.0×10-3 Torr 
or higher.
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Chapter 5 
A New Approach to IRMPD for Controlled Dissociation in a Quadrupole Ion Trap 
 
5.1 Introduction 
5.1.1 IRMPD in a Quadrupole Ion Trap 
Quadrupole ion trap mass spectrometers can perform multiple stages of tandem 
mass spectrometry on trapped ions.  Collision-induced dissociation (CID) is the most 
common method for dissociating trapped ions, but infrared multiphoton photodissociation 
(IRMPD) is a useful and increasingly popular alternative.1-7  In conventional CID only 
one mass-to-charge ion is selected for excitation, limiting sequential dissociation to form 
low mass product ions. CID requires a low mass cut-off (LMCO) at about one-third the 
mass-to-charge of the parent ion.  IRMPD has a smaller LMCO than CID and is used to 
observe a broader mass-to-charge range of product ions.2; 3  IRMPD produces high parent 
ion fragmentation efficiency (Equation 1.1).  By irradiating all parent and product ions 
simultaneously, continuous sequential dissociation generates immonium ions and other 
identifiable low mass (<m/z 200) product ions from peptides and proteins that can 
contribute useful information to tandem mass spectra.  By forming more product ions at a 
smaller LMCO, IRMPD also gives higher MS/MS efficiency (Equation 1.2) than CID.  A 
limitation to the use of IRMPD in a quadrupole ion trap compared to CID has been 
minimal fragmentation efficiency at 1.0×10-3 Torr, the bath gas pressure necessary for 
optimal sensitivity.   Bath gas collisions reduce the kinetic energy of ions during injection 
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to increase trapping efficiency8 but also collisionally cool the internal energy of trapped 
ions.9  IRMPD is typically performed at 1×10-5 to 3×10-4 Torr to decrease collisional 
cooling of parent ion internal energy.2-7; 9  A variety of methods have been developed to 
increase fragmentation efficiency with supplemental ion activation and/or by decreasing 
collisional cooling of internal energy.1; 2; 10-12 
5.1.2 Disadvantages from Lack of IRMPD Selectivity 
The lack of selectivity of IRMPD performed at any bath gas pressure, with or 
without modifications to improve fragmentation efficiency, reduces the possible 
sensitivity of the technique.  The continuous irradiation of parent and product ions in 
IRMPD makes it difficult to control the extent of sequential dissociation.3  More product 
ions are observed if 100% fragmentation efficiency of the parent ion is achieved, but each 
product ion abundance is decreased.  Continuous sequential dissociation, especially to 
observe lower mass product ions, may produce ions that fall below the LMCO, which 
lowers the MS/MS efficiency.  The decreased product ion abundances and ion losses 
below the LMCO in effect reduce sensitivity.  Sequential dissociation can be limited by 
reducing the irradiation time or laser intensity, but doing so also reduces parent ion 
fragmentation efficiency.  The irradiation time necessary to produce as informative a 
tandem mass spectrum as possible with IRMPD must therefore be determined 
empirically.13  The irradiation time also varies for different peptides and proteins with 
different IR activities and vibrational degrees of freedom.  The trapping rf amplitude is a 
factor in determining the irradiation time because of the effect on ion cloud size; the rate 
of IR absorption is dependent on the amount of overlap between the ion cloud and the 
laser path.12; 14  The empirical determination of irradiation time for each different IRMPD 
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experiment limits the real-time throughput with the technique.  Continuous sequential 
dissociation from any irradiation time must compromise between product ion abundance 
and parent ion fragmentation efficiency. 
5.1.3 Previous Attempts to Make IRMPD Selective 
 The most effective way to limit continuous sequential dissociation without 
reducing parent ion fragmentation efficiency is to remove product ions from the laser 
path.  One method of reducing sequential dissociation is by axial expansion of product 
ions.2  A product ion is resonantly excited with a supplemental rf potential so that it has 
larger amplitude of axial motion in the trap.  The axially expanded ion spends less time in 
the center of the trap where the laser beam is most intense.  Sequential dissociation of the 
axially expanded product ion is reduced, although the ion cloud still overlaps and passes 
through the laser to some extent.  Axial expansion is not completely selective because 
peptide product ions that have at least moderate IR activity can still dissociate under these 
low irradiation conditions.  Any product ions not axially expanded continue to be 
sequentially dissociated, reducing overall product ion abundance and MS/MS efficiency. 
The work presented here describes a new IRMPD methodology in which 
sequential dissociation is limited for all product ions.  The laser beam has been translated 
axially away from the center of the trap to minimize the overlap with trapped ions.  
Selected ions are axially expanded into the laser path where they are dissociated.  Product 
ions are not axially expanded and kinetically cool to the center of the trap away from the 
laser, limiting the amount of sequential dissociation.  This technique, termed selective 
broadband (SB) IRMPD, is shown to increase sensitivity by increasing the abundance of 
each product ion compared to conventional IRMPD at 3.3×10-4 Torr.  By making the 
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IRMPD process selective, SB-IRMPD gains the advantages of selective CID and 
conventional IRMPD without the disadvantages of either.  Thermal assistance allows SB-
IRMPD to be performed at bath gas pressures up to 5.2×10-4 Torr, increasing product ion 
abundance greater than or equal to TA-IRMPD at 1.0×10-3 Torr. 
5.2 Experimental 
5.2.1 Instrumentation and Samples 
All experiments were performed on a modified Finnigan ITMSTM controlled with 
ICMS software.15  Peptides and proteins were obtained from Sigma Chemical Co. and 
used without further purification.  Samples were prepared as 25 µM solutions in 75:20:5 
methanol:water:acetic acid.  A nano-electrospray source was used to generate parent ions.  
Base pressure in the ion trap without added bath gas was 2×10-5 Torr.  Helium bath gas 
was added up to a total pressure of 3.3×10-4 Torr for ambient temperature IRMPD 
experiments, the pressure just below where significant collisional cooling starts to occur.2  
At greater than ambient temperatures helium bath gas was added up to a total pressure of 
3×10-4 Torr to 1×10-3 Torr for IRMPD experiments.  A Lesker 1000 W stab-in bakeout 
heater near the trapping electrodes is used to heat the bath gas and electrodes.  The 
temperature is measured by a k-type thermocouple in the vacuum chamber located 2 cm 
from the trapping electrodes. 
5.2.2 IRMPD Configuration 
A Synrad 50 W CO2 laser triggered by a TTL pulse from the ITMS electronics is 
used for IRMPD.  The laser beam is passed into the vacuum housing through a ZnSe 
window by optical elements mounted on translation stages.  The ring electrode has been 
modified by drilling a 3.2 mm hole through the center, perpendicular to the axial 
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direction.  The laser beam is passed through the hole and out the opposite side of the ring 
electrode into a beam dump.  The laser is initially aligned as described previously12, and 
the unfocused laser remains centered for conventional IRMPD.  For SB-IRMPD, a ZnSe 
lens with a focal length of 38.1 cm focuses the laser.  The lens and other optical elements 
are axially offset 1.50 mm to one side, with the focused laser beam away from the 
trapped ion cloud. 
5.2.3 Selective Broadband IRMPD Implementation 
In SB-IRMPD experiments, an arbitrary waveform generator is used to apply 
waveforms for resonant excitation to the end-cap electrodes to axially expand selected 
ions.  Stored waveform inverse Fourier transform (SWIFT) is implemented with 
LabVIEW to construct the waveforms.16  The trapping rf amplitude is initially set so that 
the parent ion has a qz of 0.10.  A 50 mVp-p SWIFT waveform is applied to a range of 
mass-to-charge values ±1 Da around parent ion for axial expansion.  The parent ion is 
expanded into the axially offset laser path until 100% fragmentation efficiency is 
achieved, and the tandem mass spectrum is recorded. 
A sequential stage of SB-IRMPD is performed on a group of product ions to 
observe smaller product ions.  After SB-IRMPD of the parent ion, the trapping rf 
amplitude is adjusted to change the qz to 0.10 for the mass-to-charge 1 Da less than the 
singly-charged parent ion (M+H+-1).  If the parent ion charge state is unknown, the 
trapping rf is instead changed for a qz of 0.10 for the largest observed product ion.  A 
second broadband SWIFT waveform with 50 mVp-p average amplitude is applied to 
resonantly excite product ions that have qz values 0.10-0.13.  All excited product ions are 
axially expanded until completely dissociated like the parent ion, and the tandem mass 
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spectrum is recorded after dissociation.  The trapping rf amplitude is repeatedly adjusted 
for the largest mass-to-charge smaller than the previously dissociated ions to place 
progressively smaller product ions at the same qz range, and tandem mass spectra are 
collected after each dissociation stage.  Larger qz values for ions were used to dissociate 
product ions below m/z 391 for reasons explained in results.  Product ions from m/z 390-
301 are dissociated at qz values of 0.103-0.133, and product ions from m/z 300-201 are 
dissociated at qz values of 0.120-0.179.  Multiple product ions below m/z 200 were not 
dissociated simultaneously, but individual product ions below m/z 200 are selectively 
dissociated at a qz of 0.20. 
5.3 Results and Discussion 
5.3.1 Ion Cloud Size Affects Irradiation Time and Selectivity 
Fragmentation efficiency and selectivity are both dependent on the amount of 
overlap between the ion cloud and laser.  The centered laser has good overlap with the 
trapped ion cloud for conventional IRMPD and achieved 97 ± 3% fragmentation 
efficiency of [bradykinin+2H]2+ in 40 ms.  The overlap is poor between the axially 
expanded ion cloud and the axially offset laser because less than one half of the expanded 
ion cloud is irradiated.  Laser flux on the irradiated area was increased by focusing the 
laser.12  SB-IRMPD of [bradykinin+2H]2+ required 80 ms irradiation with the axially 
offset laser to achieve a fragmentation efficiency of 98 ± 2%.  Dissociation time could 
not be reduced with simultaneous CID and SB-IRMPD because SWIFT voltages greater 
than 50 mVp-p resulted in resonant ejection at the low qz used for IRMPD.17  
Although the timescale for SB-IRMPD is longer than conventional IRMPD, 
product ions that are not axially expanded are not dissociated.  Trapped ion clouds that 
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are not axially expanded or have collisionally cooled from an expanded axial amplitude 
are referred to as “non-expanded.”  Ion cloud size increases with decreasing qz,14 and 
non-expanded ion clouds at low qz have been measured to radii of less than 1 mm.12  The 
focused laser beam had a radius of 0.50 mm, and overlap with the non-expanded ion 
cloud was negligible when the laser was axially offset 1.50 mm.  Non-expanded ions at qz 
values as low as 0.03 exhibited 0% fragmentation efficiency after 200 ms irradiation with 
the axially offset laser. 
Product ions formed during SB-IRMPD are not resonantly excited, but they 
initially have the same axial amplitude as the parent ion.  A maximum of 20 ms of 
collisional cooling after dissociation is required for product ions to relax from an 
expanded axial amplitude.9; 18  Before the end of this period, product ion clouds are more 
likely to overlap with the laser than a non-expanded ion cloud.  Product ions also have 
residual internal energy because a portion of the photon energy absorbed by the parent 
ion is distributed to bonds that ultimately become part of product ions, and less additional 
IR absorption is required to dissociate the product ions compared to collisionally cooled 
ions.  The amount of sequential dissociation depends on the IR activities and vibrational 
degrees of freedom of the product ions.  SB-IRMPD results in less sequential dissociation 
than IRMPD, and the amount of sequential dissociation is independent of the parent ion 
irradiation time once 100% fragmentation of the parent ion is achieved.  SB-IRMPD is 
capable of on-line analysis because the irradiation time does not need to be tuned per 
analyte.  By using uniformly long (e.g. 150 ms) irradiation times to dissociate each 
broadband group of ions, the maximum abundances of product ions from an unknown 
parent ion are acquired. 
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5.3.2 Sequential SB-IRMPD 
Product ions are selectively dissociated with SB-IRMPD in sequential stages to 
observe lower mass ions.  To tune the parameters used for sequential dissociation 
[GGYR+H]+ was dissociated at different qz values (Figure 5.1).  SB-IRMPD 
fragmentation efficiency was reduced at qz values below 0.10, but dissociation at larger qz 
values increases the probability that the smaller product ions formed will fall below the 
LMCO.  The qz range 0.10-0.13 was selected for optimum fragmentation efficiency and 
MS/MS efficiency with a minimal LMCO.  MS/MS efficiency was measured to be 
greater than fragmentation efficiency due to the mass dependence of the electron 
multiplier, which detects lower mass ions more efficiently.19  Product ions below m/z 391 
were dissociated in broadband groups at slightly larger qz values, as stated above, to take 
advantage of high fragmentation efficiency and LMCO below the mass of immonium 
ions. 
5.3.3 Conventional IRMPD vs. SB-IRMPD 
SB-IRMPD of parent ions gave greater absolute abundances of sequence ions and 
immonium ions, averaged across a single mass spectrum, than any single irradiation time 
in conventional IRMPD.  The largest average product ion abundance from conventional 
IRMPD of [GRGDNP+H]+ was observed at 67 ± 7% parent ion fragmentation efficiency 
(Figure 5.2a).  When fragmentation efficiency was increased to 99 ± 6% to observe more 
product ions, continuous sequential dissociation decreased the abundance of all product 
ions above m/z 200 (Figure 5.2b).  Smaller mass product ions, below m/z 200, were 
formed by side-chain fragmentation and NH3 and H2O losses from larger product ions.  
Smaller mass ions are also subject to dissociation into product ions below the LMCO.  
SB-IRMPD of the parent ion achieved 98 ± 2% fragmentation efficiency (Figure 5.2c).   
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Figure 5.1. Fragmentation efficiency (■) and MS/MS efficiency (○) observed from 50 ms 
SB-IRMPD of [GGYR+H]+, 95% confidence error 
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Figure 5.2.  Tandem mass spectra of [GRGDNP+H]+ from a) conventional IRMPD, 67 ± 
7% fragmentation efficiency; b) conventional IRMPD, 99 ± 6% fragmentation efficiency; 
and c) SB-IRMPD, 98 ± 2% fragmentation efficiency.
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The limited sequential dissociation gave greater abundance for product ions above m/z 
200, effectively increasing the sensitivity of MS/MS. 
Sequential SB-IRMPD of product ions further increased low mass ion abundances 
compared to conventional IRMPD.  Table 5.1 shows more fragmentation efficiency 
values and product ion abundances from conventional IRMPD of [GRGDNP+H]+ for 
comparison to sequential SB-IRMPD.  As fragmentation efficiency of the parent ion 
increased, product ion abundances grew to a maximum and then decreased due to 
continuous sequential dissociation.  No single irradiation time gave the largest observed 
abundance for every product ion.  Measured MS/MS efficiency was large at longer 
irradiation times because of detector bias toward low mass ions formed by continuous 
sequential dissociation, when most sequence ions and large product ions had low 
abundance.  Product ion abundances from sequential stages of SB-IRMPD are shown in 
Table 5.2, each at a parent ion fragmentation efficiency of 100%.  The minimum 
necessary irradiation times were used to achieve complete dissociation of product ions in 
each broadband group, and none required longer times than SB-IRMPD of the parent ion.  
Each successive dissociated broadband group of ions increased the abundance for product 
ions at smaller mass-to-charge.  For example, b4+ at m/z 386 increased in abundance with 
sequential SB-IRMPD of the parent ion (broadband m/z 614-616) and product ions 
(broadbands m/z 471-614 and 391-471).  SB-IRMPD of b4+ in m/z 301-390 then 
increased b3+ and b2+ abundance.  Product ion abundances were 50 to 130% greater with 
sequential SB-IRMPD than the largest respective abundances observed at any irradiation 
time with conventional IRMPD in Table 5.1, with the exception of b3+ and the proline 
immonium ion (P).  The P immonium ion was only produced by sequential SB-IRMPD.   
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Table 5.1. Product ion abundances from conventional IRMPD of [GRGDNP+H]+ at a 
helium bath gas pressure of 3.3×10-4 Torr and ambient temperature, ± 95% confidence 
error.  The largest abundance observed for each ion is shown in bold.  
 
 
 89
Table 5.2. Product ion abundances from sequential SB-IRMPD of [GRGDNP+H]+ and 
product ions at a helium bath gas pressure of 3.3×10-4 Torr and ambient temperature, ± 
95% confidence error.  The largest abundance observed for each ion is shown in bold.  
Ion abundances in dissociated m/z bands are not shown. 
 90
MS/MS efficiency from SB-IRMPD of the parent ion was slightly smaller than 
conventional IRMPD because the limited sequential dissociation produced few ions 
below m/z 200.  The abundance of sequence ions and other large product ions from 
SB-IRMPD accounts for the high MS/MS efficiency instead of low mass ions with 
uninformative losses from conventional IRMPD.  Measured MS/MS efficiency was 
increased with sequential stages of SB-IRMPD to produce smaller product ions, although 
dissociation of lower mass ions caused small losses below the LMCO.  
5.3.4 Low Mass Product Ions 
 Immonium and low mass product ion abundances are more easily observed by 
SB-IRMPD than conventional IRMPD.  The parent ion [ubiquitin +10H]10+ and product 
ions at m/z 201-1200 were dissociated in eight sequential broadband groups to observe 
many low mass ions in high abundance (Figure 5.3).  An immonium ion was observed for 
every residue in ubiquitin except G.  In addition, low mass ions related to R, Q, and K 
were observed at m/z 84 and 112; a low mass ion related to N was observed at m/z 115; 
and a low mass ion related to H was observed at m/z 138.  Two-residue internal fragment 
ions, many with CO, H2O, or NH3 losses, were also observed above m/z 140.  Isomeric, 
m/z 86 L and I immonium ions can be distinguished by dissociation products20 and were 
observed in high abundance with sequential SB-IRMPD.  Immonium ions from L and/or 
I residues were generated from sequential SB-IRMPD of [FLEEV+H]+ and [FLEEI+H]+ 
(Figure 5.4).  SB-IRMPD of m/z 86 from [FLEEV+H]+ produced m/z 30 and 44, but 
SB-IRMPD of m/z 86 from [FLEEI+H]+ caused NH3 loss from I for an additional product 
ion at m/z 69.  
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Figure 5.3.  Tandem mass spectrum from sequential SB-IRMPD of [ubiquitin +10H]10+, 
acquired after dissociating eight mass-to-charge broadband groups of ions in a total of 
550 ms.  Immonium ions are labeled with one-letter symbols. 
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Figure 5.4. SB-IRMPD of m/z 86 immonium ions generated from sequential SB-IRMPD 
of a) [FLEEV+H]+ and b) [FLEEI+H]+
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5.3.5 Thermal Assistance 
Thermal assistance2 allowed efficient SB-IRMPD to be performed at bath gas 
pressures above 3.3×10-4 Torr for greater sensitivity.  Raising the bath gas temperature 
decreases collisional cooling, and thermal activation in addition to irradiation increases 
fragmentation efficiency.21  Smaller peptide ions have fewer IR-active modes and are 
more difficult to dissociate with IRMPD.  SB-IRMPD of 452 Da [GGYR+H]+ could not 
achieve 100% fragmentation efficiency in 150 ms at 3.3×10-4 Torr and ambient 
temperature (Figure 5.5), and fragmentation efficiency was further decreased at higher 
pressures.  Raising the bath gas temperature to 65 ºC or higher for thermally assisted 
(TA) SB-IRMPD increased fragmentation efficiency to 100% at 3.3×10-4 Torr.  
TA-SB-IRMPD efficiency was also increased at higher bath gas pressures. 
Efficient TA-SB-IRMPD could not be performed at 1.0×10-3 Torr because non-
expanded ions begin to dissociate at temperatures required for efficient dissociation of the 
parent ion (≥90 °C).  Product ions from multiply-charged parent ions at a qz of 0.10 can 
have qz values near to or below the qz of the parent ion and have greater overlap with the 
axially offset laser than product ions at larger qz.  A larger peptide ion with many IR-
active modes, 1424 Da [granuliberin R +H]2+, was used to model non-selective 
dissociation of non-expanded product ion clouds at a qz of 0.033 (Figure 5.6).  After 200 
ms irradiation by the axially offset laser, significant dissociation was observed at 90 °C 
for bath gas pressures above 4.6×10-4 Torr.  Thermal activation combined with a finite 
overlap and irradiation from the axially offset laser beam contributed to dissociation of 
the non-expanded model ion cloud.  Collisional cooling at high pressures and ambient 
temperature decreases fragmentation efficiency, but higher temperatures used to reduce  
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Figure 5.5. Fragmentation efficiency from 150 ms TA-SB-IRMPD of [GGYR+H]+, at a 
qz value of 0.10 and a temperature of 30ºC (□), 65ºC (●), and 85ºC (∆) at various helium 
bath gas pressures, 95% confidence error. 
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Figure 5.6. Fragmentation efficiency from 200 ms irradiation of [granuliberin R +H]2+ 
non-expanded ion cloud with axially-offset laser, at a qz value of 0.033 and a helium bath 
gas pressure of 4.6×10-4 Torr (■), 5.2×10-4 Torr (∆), 5.9×10-4 Torr (●), and 8.3×10-4 
Torr (X) at various temperatures, 95% confidence error 
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collisional cooling can also reduce selectivity.  A bath gas pressure of 5.2×10-4 Torr and 
temperature of 85 °C gave the most efficient and sensitive TA-SB-IRMPD. 
5.3.5 TA-SB-IRMPD vs. SB-IRMPD 
TA-SB-IRMPD at a bath gas pressure of 5.2×10-4 Torr and temperature of 85 °C 
gave greater product ion abundances than ambient temperature SB-IRMPD at 3.3×10-4 
Torr.  The higher bath gas pressure for TA-SB-IRMPD increases trapping efficiency, and 
[GRGDNP+H]+ had 50% greater initial abundance before irradiation at 85 °C and 
5.2×10-4 Torr than ambient temperature and 3.3×10-4 Torr.  Product ion abundances 
from TA-SB-IRMPD are shown in Table 5.3 and were generally 15-70% greater than 
product ion abundances from ambient temperature SB-IRMPD in Table 5.2.  Thermal 
activation increased sequential dissociation and decreased abundance of only the b4+ ion.  
MS/MS efficiency was equal to measurements from ambient temperature SB-IRMPD, 
showing that TA-SB-IRMPD limits sequential dissociation about as effectively.  The 
minimum irradiation time for completely dissociating ions in the same mass-to-charge 
broadband groups was reduced 40% with TA-SB-IRMPD. 
5.3.6 TA-SB-IRMPD vs. TA-IRMPD 
TA-SB-IRMPD at 5.2×10-4 Torr and 85 °C was also compared to TA-IRMPD at 
1.0×10-3 Torr and 150 °C.  The largest average product ion abundance from TA-IRMPD 
of [GRGDNP+H]+ was observed at 76 ± 4% parent ion fragmentation efficiency (Table 
5.4).  As with conventional IRMPD, in TA-IRMPD continuous sequential dissociation 
caused product ion abundances to grow to a maximum and then decrease as parent ion 
fragmentation efficiency increased.  The 1.0×10-3 Torr bath gas gave optimal trapping 
efficiency, and the parent ion before irradiation had four times greater abundance than for  
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Table 5.3. Product ion abundances from sequential TA-SB-IRMPD of [GRGDNP+H]+ 
and product ions at a helium bath gas pressure of 5.2×10-4 Torr and temperature of 85 
°C, ± 95% confidence error.  The largest abundance observed for each ion is shown in 
bold.  Ion abundances in dissociated m/z bands are not shown. 
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Table 5.4. Product ion abundances from TA-IRMPD of [GRGDNP+H]+ at a helium bath 
gas pressure of 1.0×10-3 Torr and temperature of 150 °C, ± 95% confidence error.  The 
largest abundance observed for each ion is shown in bold. 
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TA-SB-IRMPD at 5.2×10-4 Torr.  TA-SB-IRMPD of the parent ion gave greater average 
product ion abundance than any single irradiation time for TA-IRMPD in Table 5.4.  Half 
of all product ion abundances were greater with sequential stages of TA-SB-IRMPD than 
the largest respective abundances observed at any irradiation time with TA-IRMPD.  
Sequential stages of TA-SB-IRMPD produced the P immonium ion, as did ambient 
temperature SB-IRMPD. 
5.4 Conclusions 
SB-IRMPD combines the selectivity and ability to be automated of conventional 
CID with the small LMCO and ability to generate low mass ions of conventional 
IRMPD.  Selectivity is achieved by axially offsetting the laser and resonantly exciting 
ions into the laser path.  SB-IRMPD limits sequential dissociation and increases the 
abundance of product ions compared to conventional IRMPD, and experiments do not 
require empirical determination of irradiation time.  Sequence ions and low mass 
immonium and related ions are increased in abundance by sequential stages of 
SB-IRMPD.  The maximum abundances of product ions from sequential SB-IRMPD can 
be acquired without empirical determination of irradiation time.  Thermal assistance is 
used to perform SB-IRMPD at bath gas pressures above 3.3×10-4 Torr for even greater 
sensitivity.  TA-SB-IRMPD increases product ion abundance over ambient temperature 
SB-IRMPD, and results are comparable to TA-IRMPD at 1.0×10-3 Torr, the bath gas 
pressure for optimal sensitivity in a quadrupole ion trap.  High bath gas temperatures 
cause dissociation of ions that are not selected, and temperatures below 90 °C could not 
be used to make TA-SB-IRMPD efficient at 1.0×10-3 Torr.  The SB-IRMPD 
methodology would be further improved by increasing efficiency at 1.0×10-3 Torr. 
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Chapter 6 
Conclusions and Future Directions 
 
6.1 Summary 
 The previous chapters have detailed the design of instrumentation and MS/MS 
methods in a quadrupole ion trap mass spectrometer.  The detection and analysis of 
aerosol particles with a custom modified ion trap was described.  A technique for 
practical for use of IRMPD in an ion trap was explained.  The thorough characterization 
of trapped ion distribution allowed the development of an advantageous technique for 
selective IRMPD.  This chapter will summarize the conclusions from previous chapters 
and suggest directions for future research in each area. 
6.2 AQITMS – Chapter 2 
 The AQITMS was developed to be sensitive, have unique capabilities to perform 
chemical ionization, be operated in real time, and be able to perform tandem mass 
spectrometry.  The instrument samples particles with an aerodynamic lens and volatilizes 
them within the heated ion trap.  Analyte molecules are ionized within the ion trap by 
proton transfer from reagent ions, and resultant fragmentation is reduced compared to 
vacuum UV photoionization.  Particle concentrations was detected linearly over two 
orders of magnitude and as low as 5 µg/m3.  The real-time analysis capability of the 
instrument was demonstrated by monitoring the reaction of 100 ppb α-pinene and 200 
ppb ozone in an aerosol bag.  Secondary organic aerosol particles from the ozonolysis 
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were observed in real time.  Pinic acid and pinonic acid were two of the many 
components of the secondary aerosol mixture that formed and gradually decreased in 
concentration.  Individual concentrations were calculated using pinic acid as an internal 
standard and were found to vary from 4-36 ppb.  The identities of analyte ions from both 
compounds are confirmed by tandem mass spectrometry as the compounds were 
observed. 
Further research can be done to improve the AQITMS limit of detection.  
Fragmentation from SICI could be further decreased and thus sensitivity increased by 
using lower volatilization temperatures for lower particle concentrations.  H3O+ reagent 
ions are presently used to protonate oxygenated organic molecules.  Alternatively, it 
would be possible use GDI to generate reagent ions with greater proton affinity so that 
less energy is available to cause fragmentation after proton transfer.  Overall signal could 
be increased by using gate and reaction times longer than 500 ms per scan, which would 
increase experiment time.  An entirely different ionization scheme might also be used, in 
which particles were volatilized within the source and ionized by glow discharge.  A 
smog chamber with a larger volume will be used in the future for experiments with small 
concentrations of α-pinene and other SOA-forming compounds. 
6.3 Focused Laser IRMPD – Chapter 3 
A focused laser was used to make IRMPD more efficient in a quadrupole ion trap 
mass spectrometer.  Efficient (up to 100%) dissociation at the standard operating pressure 
of 1×10-3 Torr was achieved without any supplemental ion activation and with shorter 
irradiation times than un unfocused laser.  The axial amplitudes of trapped ion clouds 
were measured using laser tomography 1-3 to estimate the size of the area to be irradiated.  
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Laser flux on the ion cloud was increased six times by focusing the laser so that the beam 
waist approximates the ion cloud size.  Unmodified peptide ions from 200 Da to 3 kDa 
were completely dissociated in 2.5-10 ms at a bath gas pressure of 3.3×10-4 Torr and in 
3-25 ms at 1.0×10-3 Torr.  The abundance of product ions was increased by an order of 
magnitude at the same parent ion fragmentation efficiency by performing IRMPD with 
the focused laser at 1.0×10-3 Torr.  Sequential dissociation of product ions was also 
increased by focusing the laser and by operating at a higher bath gas pressure to minimize 
the size of the ion cloud. 
It is now possible to perform IRMPD of ions that are less easily dissociated than 
the peptides used in Chapter 4 on a timescale no greater than previous experiments with 
an unfocused laser.  Small molecules of <100 Da have few vibrational degrees of 
freedom and are less capable of distributing low energy from photoactivation to break 
weak bonds, but greater photon flux increases the photoactivation for all bonds.  Isomers 
of m/z 82 2-methylfuran, m/z 70 methacrolein, and m/z 68 isoprene have since been 
dissociated in as little as 15 ms using the same system.4  In Chapter 5, the cytosine 
protonated molecule at m/z 111 was dissociated to 75% fragmentation efficiency in 100 
ms with a focused laser despite power loss from back reflection into the laser cavity.  
Conversely, larger molecules have many vibrational degrees of freedom to distribute 
energy and a larger cross section for collisional cooling, requiring more photoactivation 
to overcome the threshold for dissociation.  Focused laser IRMPD might be used to 
successfully dissociate molecules like >m/z 2000 nanoparticles with few IR-active 
groups. 
6.4 Ion Cloud Distribution – Chapter 4 
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Ion cloud distribution in a quadrupole ion trap was measured by laser tomography 
with focused laser IRMPD.  Ion clouds were axially profiled at helium bath gas pressures 
ranging from 3.3×10-4 to 1.0×10-3 Torr and qz values ranging from 0.07 to 0.80, showing 
the effects for photodissociation efficiency.  The axial width of an ion cloud was 
observed to decrease by approximately 35% by increasing pressure from 3.3×10-4 Torr to 
1.0×10-3 Torr.  A bimodal distribution similar to theoretical trapped ion distribution was 
resolved for ions below 300 m/z at 1.0×10-3 Torr.  An increase in the qz value of an ion 
from 0.07 to 0.13 was observed to decrease ion cloud axial width by 20% and to decrease 
the necessary amount of irradiation by four times to achieve the same amount of 
dissociation.  The ion cloud for [bradykinin+2H]2+ was also profiled in two dimensions at 
a wider range of qz values. 
Further studies using laser tomography in the ion trap can be performed to 
characterize ion distribution affected by other parameters.  Space charge effects cause 
repulsion between ions of like charge, and trapped ions of the same mass-to-charge have 
the same trajectory.  Greater ion populations at one mass-to-charge have larger ion 
clouds, and the difference due to repulsion might be resolved by laser tomography.  The 
distribution of axially expanded ion clouds might also be profiled.  The laser tomography 
would likely require an axially wider hole in the ring electrode, depending on the 
excitation voltage amplitude and resultant ion cloud width. 
Similar studies would benefit MS/MS experiments using photodissociation in 
other trapping mass analyzers.  The linear ion trap mass spectrometer (LITMS) is an 
increasingly popular trapping mass analyzer with MSn capability and greater ion storage 
capacity than a QITMS.  A CO2 laser is passed through the axial center of a LITMS for 
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IRMPD.  IRMPD with a focused laser has been performed in a LITMS at 1.5×10-4 Torr,5 
but radial laser tomography of the ion cloud would provide a profile of ion distribution 
for efficient IRMPD at higher pressures. 
6.5 SB-IRMPD – Chapter 5 
Chapter 5 began by discussing the consequences from the lack of selectivity for 
IRMPD of a parent ion in a quadrupole ion trap.  Product ions are decreased in 
abundance by continuous sequential dissociation and may be lost below the low mass 
cut-off.  The IRMPD process was made selective by resonantly exciting trapped ions into 
an axially offset laser path in a new technique termed selective broadband IRMPD.  
Product ions form and collisionally relax out of the laser path to accumulate in the center 
of the trap.  SB-IRMPD limits sequential dissociation to preserve product ion abundance.  
The abundances of larger product ions are maximized by completely dissociating the 
parent ion, but continuous sequential dissociation does not form small product ions below 
the low mass cut-off associated with conventional IRMPD.  Smaller product ions were 
further increased in abundance in another tandem mass spectrum by performing 
sequential stages of SB-IRMPD, adjusting the trapping rf amplitude to dissociate larger 
product ions at the same qz range.  Thermal assistance was used to perform SB-IRMPD at 
bath gas pressures up to 5.2×10-4 Torr for increased sensitivity. 
The major limitation of the SB-IRMPD methodology compared to conventional 
IRMPD in the center of the trap is the lack of efficiency.  Only half of the axially 
expanded ion cloud is irradiated, resulting in longer times for dissociation.  Collisional 
cooling was too great at 1×10-3 Torr compared to activation to perform SB-IRMPD with 
maximum sensitivity.  Overlap between the laser and the expanded ion cloud could be 
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increased for more efficient irradiation if the laser had a bimodal distribution that did not 
irradiate the central, unexpanded ion cloud.  The laser intensity distribution could be spit 
into two axially separated regions using an optical resonator cavity to create interference 
mode TEM10.  The centered, bimodal distribution of the laser would be adjusted for a 
separation of ~3 mm, irradiating both sides of the axially expanded ion cloud.  Such a 
distribution would unfortunately cause some loss of power, and the interference mode 
could be difficult to align and unstable.  A better solution might be to split the 50 W laser 
and focus two beams at half power into the trapping volume parallel to each other.  The 
two laser beams would also have to be separated axially by ~3 mm, and the optics would 
have to be carefully spaced.  Finally, the diameter of the hole in the ring electrode could 
be increased to avoid clipping axially offset laser beams and reducing irradiation power.  
Further modification to the quadrupolar electrodes risks introducing more fields that 
could reduce trapping efficiency.  Two smaller (~1.5 mm diameter) axially offset holes 
could be drilled into the ring electrode instead of the larger, central hole, and the trapping 
field might be no worse affected than with the central hole. 
6.6 Conclusions 
 This work has described two very different types of research using a quadrupole 
ion trap, a testament to the utility and versatility of the instrument.  Aerosol compounds 
were analyzed with a modified ion trap having distinct advantages over many aerosol 
mass spectrometry systems.  Aspects of the instrument design are already being 
incorporated into a different ion trap for greater sensitivity and versatility.  IRMPD was 
made practical for use in a quadrupole ion trap.  The increased efficiency allowed laser 
tomography with the highest resolution yet obtained.  A new, selective IRMPD technique 
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was made possible through study of the ion cloud spatial distribution at different trapping 
parameters.  Hopefully, research will continue to improve SB-IRMPD efficiency for use 
at 1.0×10-3 Torr and to make photodissociation experiments automated for acquisition of 
sensitive tandem mass spectra. 
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